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ABSTRACT
P h o s p h o f ru c to k in a s e  was i n v e s t i g a t e d  by a number o f  p h y s i c a l  
methods in  an a t te m p t  to  e l u c i d a t e  th e  s u b u n i t  s t r u c t u r e .  P e p t id e  maps 
would te n d  to  i n d i c a t e  a s i n g l e  s u b u n i t .  The r e s u l t s  from sodium 
dodecy l s u l f a t e  p o ly a c ry lam id e  g e l  e l e c t r o p h o r e s i s  c o n f l i c t  i n  t h i s  
r e g a rd  by showing u n l ik e  srubunits  a t  55 ,000  and 79 ,000 d a l to n  minimum 
s u b u n i t  m o le c u la r  w e ig h ts .  R e s u l t s  from i n t r i n s i c  v i s c o s i t y  i n d i c a t e  a 
s m a l l e s t  s u b u n i t  m o le c u la r  w e ig h t  of 44 ,000 d a l t o n s . C i r c u l a r  d i c h r o i c  
s t u d i e s  show th e  enzyme to  c o n ta in  ab o u t  301? a - h e l i x .  S i g n i f i c a n t  
changes o ccu r  in  th e  p e p t id e  d i c h r o i c  sp ec tru m  in  th e  p re s e n c e  o f  SDS 
showing a l a r g e  i n c r e a s e  in  a - h e l i x  c o n te n t .  For t h i s  re a so n  an 
i n v e s t i g a t i o n  o f th e  i n t e r a c t i o n  o f  SDS w i th  p r o t e i n s  was u n d e r ta k e n  
u s in g  p o ly  amino a c id s  as a model sy s tem . R e s u l t s  i n d i c a t e  t h a t  
charge  i n t e r a c t i o n s  of th e  p r o t e i n  w i th  th e  s u l f a t e  m oie ty  a lo n g  w i th  
h y d rophob ic  i n t e r a c t i o n  o f  th e  d o d ecy l  s i d e  ch a in  i n t e r a c t i o n  o f  th e  
dodecy l s id e  c h a in  w i th  th e  p e p t id e  bond m ight be j o i n t l y  r e s p o n s i b l e .
The a ro m a t ic  CD sp ec tru m  of PFK was found to  be in f l u e n c e d  by F r u c to s e - 6 -  
ph o sp h a te  and a s u b s t r a t e  2 ,5 -a n h y d ro m a n n i to l - l -P  th u s  i n d i c a t i n g  
a ro m a tic  s id e  ch a in  in vo lvem en t i n  s u b s t r a t e  b in d in g .  The t y r o s y l  
r e s id u e s  in  th e  p e p t id e  s t r u c t u r e  ap p ea r  to  be l a r g e l y  r e s p o n s i b l e  f o r  
th e  a ro m a t ic  sp ec tru m  and a re  hence  b e l i e v e d  to  be one o f  th e  groups 
r e s p o n s ib le  f o r  s u b s t r a t e  b in d in g .
v i i
1. INTRODUCTION AND OBJECTIVES
P h o s p h o f ru c to k in a s e  (ATP:D -F ru c to se -6 -p h o sp h a te  1-phospho­
t r a n s f e r a s e ,  EC 2 . 7 . 1 . 1 1 ) ,  a r e g u la to r y  enzyme In  the  g l y c o l y t i c  p a th ­
way, c a t a l y z e s  r e a c t i o n  (1)
ATP + D -F ru c to 8 e-6 -P  -*• ADP + D -F ru c to se -1 ,6 d iP  (1)
which i s  the  r a t e  l i m i t i n g  s te p  in  g ly c o ly s i s  (C o r i ,  1941). In  i t s  
r e g u la to r y  r o l e  i t  e x h i b i t s  an i n t e r e s t i n g  i n h i b i t o r y  e f f e c t  by one o f  
i t s  c o s u b s t r a t e s ,  ATP (Lardy and P a rk s ,  1956), and a m u l t i tu d e  of 
e f f e c t s  by o th e r  e f f e c t o r s  as l i s t e d  in  Table  I .
A lthough c o n s id e ra b le  k i n e t i c  and s t r u c t u r a l  work has been 
done on th e  enzyme, th e  end r e s u l t s  have been somewhat am biglous in  
d e s c r ib in g  th e  mechanism o f  c a t a l y s i s ,  the  su b u n i t  s t r u c t u r e  and the  
r o l e  t h i s  s t r u c t u r e  p la y s  in  c a t a l y s i s .
The r a b b i t  m uscle enzyme, our p r im ary  i n t e r e s t ,  shows many 
changes i n  c a t a l y t i c  a c t i v i t y  and p h y s i c a l  s t r u c t u r e  w i th  changes in  
e n v iro n m e n ta l  p a ra m e te r s .  For exam ple, c a t a l y t i c  a c t i v i t y  i n c r e a s e s  
from v i r t u a l l y  ze ro  a t  pH 5 to  a maximum a t  pH 9 (Uyeda and R acker, 
1965). A s i m i l a r  a c t i v i t y  change w ith  I n c r e a s e  in  pH was r e p o r te d  
by P a e tk au  and Lardy (1967) who a l s o  observed  a s im u lta n e o u s  d e c re a se  
in  th e  ATP I n h i b i t i o n  to  ze ro  a t  pH 9 . The same i n v e s t i g a t o r s  ob­
s e r v e d  th e  o c c u r re n c e  o f a r e v e r s i b l e  d i s s o c i a t i o n  by a 360,000 d a l to n  
o l ig o m er  I n t o  190,000 d a l to n  s u b u n i t s  as a r e s u l t  of the  same change in
1
TABLE I .  EFFECTORS OF PFK
A b b re v ia t io n s  f o r  e f f e c t o r s  may be found in  the  m a t e r i a l s  
and methods s e c t i o n  o r  in  the  t a b l e  o f  a b b r e v i a t i o n s  (Appendix I ) .
2
EFFECTORS OF PFK
EFFECTOR EFFECT (c) REFERENCE
ATP (a) SnI-H- Uyeda and Racker 1965
UTP Sal+ I f  I f  I I  I I
CTP Sal I I  I I  I I  I I
GTP Sa I I  I I  I I  I t
I TP Sa I I  I I  I t  I I
ADP (b) A P assonneau  and Lowry 1962
AMP (b) DI Uyeda and Racker 1965
cAMP (b) DI f t  f t  I I  I I
CMP DI I t  I I  I t  f t
UMP NE I t  t l  I I  I f
IMP NE f t  I I  I I  I f
GMP NE t f  I f  I I  I f
F6-P A++ Lowry and P assonneau  1966
FDP A++ Krzanowski and M atsch insky  1969
GDP AH-
I t  11 I t
PP I-H- Uyeda and R acker 1965
Pi DI i t  M  t i  i t
C i t r a t e 1+ t t  t i  i i  i t
PEP I i t  i t  t i  i t
P - C r e a t in e I i t  i t  i i  t i
NH.+4 A+ Abrahams and Younathan 1971
(CONTINUED)
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EFFECTORS OF PFK (CONTINUED)
(a) Binds 3 moles/90,OOO d a l to n s
(b) C o m p e ti t iv e ly  b in d  1 m o le /90 ,000  d a l to n s
(c) Sn n a t u r a l  s u b s t r a t e
SnI n a t u r a l  s u b s t r a t e  -  a l s o  i n h i b i t o r  
Sa a l t e r n a t e  s u b s t r a t e
Sal a l t e r n a t e  s u b s t r a t e  -  a l s o  i n h i b i t o r  
A a c t i v a t e r
DI d e i n h i b i t e r
I  i n h i b i t o r
NE no e f f e c t
+ th e  number o f  p lu s e s  i n d i c a t e s  the
e f f e c t i v e n e s s  o f  the  e f f e c t o r
4
5
pH. A d d i t io n a l ly  t h i s  d i s s o c i a t i o n  cou ld  be induced by t r e a tm e n t  w ith  
4 M u rea  a t  pH 5 .8  o r  d i l u t i o n  by b u f f e r  a t  pH 6 .7 .
Abrahams (1973) showed t h a t  c a t a l y t i c  a c t i v i t y  in c re a s e d  w ith  
i n c r e a s in g  tem p e ra tu re  between 10° and 40° C. C oncurren t w i th  t h i s  
te m p e ra tu re  change th e  maximum v e l o c i t y  (V max) f o r  b o th  ATP and 
F6-P in c r e a s e d  s i x f o l d ,  the  M ich a e l is  c o n s ta n t s  fo r  bo th  In c re a s e d  and 
ATP was s t i l l  a b le  to  i n h i b i t .  The enzyme ap p ea rs  to  be ve ry  s t a b l e  
to  h e a t  inasmuch as th e  p u r i f i c a t i o n  p ro ce d u re  demands t r e a tm e n t  w i th  
10% 2 -p ro p an o l  ( f i n a l  c o n c e n t r a t io n )  a t  45° C.
R eports  on th e  s u b u n i t  s t r u c t u r e  o f  the  enzyme have been some­
what d i v e r s e .  M ar t in  and Ames (1961) r e p o r t e d  a m o le c u la r  w e ig h t  of
400,000 from s u c ro s e  d e n s i t y  g r a d ie n t  c e n t r i f u g a t i o n .  Ling ej: _al. (1965) 
c a l c u l a t e d  v a lu e s  o f  360 ,000; 690 ,000 and 1 ,30 0 ,0 0 0  d a l to n s  from s e d i ­
m e n ta t io n  c o n s ta n ts  f o r  th e  th r e e  peaks  o bserved  on a s u c ro s e  d e n s i ty  
g r a d i e n t .  P ae tk au  and Lardy (1967) found th r e e  n a t iv e  forms by s e d i ­
m e n ta t io n  e q u i l i b r iu m ,  360 ,000 , 770,000 and 1 ,5 4 0 ,0 0 0  d a l t o n s .  In  the  
p re se n c e  o f  SDS (0.1%) one f u r t h e r  d i s s o c i a t i o n  was n o te d ,  the  m o le c u la r  
w e igh t b e in g  192 ,000 .
In  1968 Younathan e t̂ al_. r e p o r te d  the  w e igh t o f  th e  p ro tom er 
as c a l c u l a t e d  from the  number of c y s te in e s  p r e s e n t  in  th e  amino a c id  
a n a l y s i s  was 93 ,000 d a l to n s  and P ae tk au  et^ _al. p u b l i s h e d  a 47,000 d a l to n  
f ig u r e  from s e d im e n ta t io n  e q u i l ib r iu m  in  5 .5  M GHC1 and 24 ,000 in  6 M 
o r  h ig h e r  GHC1. P ae tk au  reaso n ed  from t h i s  minimum m o le c u la r  w e ig h t ,  
a t r y p t i c  p e p t id e  map c o n ta in in g  48 p e p t i d e s ,  and the  f a c t  t h a t  PFK has
6
102 ly s in e  p lu s  a r g in in e  r e s id u e s  p e r  93 ,200 d a l to n  m o le c u la r  w e ig h t ,  
t h a t  the  s u b u n i t s  a re  d i s s i m i l a r .
Uyeda (1969) showed a un iform  m o le c u la r  w eigh t f o r  the  
s u c c in y l a t e d  and m a le y la te d  p ro tom er o f  75,000 d a l to n s  by s e d im e n ta t io n  
e q u i l ib r iu m .  Scopes and Penny (1 9 7 1 ) , u s in g  SDS p o ly a c ry lam id e  ge l 
e l e c t r o p h o r e s i s ,  p roduced  a 74,000 d a l to n  f i g u r e .  Leonard and Walker 
(1 9 7 2 ) , u s in g  s e d im e n ta t io n  e q u i l ib r iu m  and s e d im e n ta t io n  v e l o c i t y  in  
6 M GHC1, came up w i th  76,000 and 85 ,000 d a l to n s  r e s p e c t i v e l y .  Aaronson 
and F r ied en  (1972) ag reed  w i th  the  l a t t e r  two f ig u r e s  and s t a t e  t h a t  the  
degree  o f  a g g re g a t io n  o f  th e  minimum s u b u n i t  i s  b o th  pH and c o n c e n tra ­
t i o n  d ep en d en t.  P a v e l ic h  and Hammes (1 9 7 3 ) ,  u s in g  SDS p o ly a c ry lam id e  
g e l  e l e c t r o p h o r e s i s  and 6 M GHC1 g e l  f i l t r a t i o n ,  found 75,000 and
85,000 d a l to n s  f o r  th e  minimum s u b u n i t  m o le c u la r  w e igh t by th e  r e s ­
p e c t i v e  m ethods. Kuo and Younathan (1973) a ssay ed  f o r  a c e t y l  r e s id u e s  
from th e  b lo ck ed  a m in o - te rm in a l  r e s id u e  o f  PFK, and found one mole o f 
a c e t a t e  p e r  62 ,000 d a l t o n s ,  im p ly ing  a minimum s u b u n i t  m o le c u la r  w eigh t 
o f  t h a t  v a lu e .  C offee  e ^  ail. (1973) a g a in  r e p o r t e d  75 ,000 to  85,000 
d a l to n s  from GHC1 s e d im e n ta t io n  e q u i l i b r iu m  and SDS g e l  ex p e r im en ts  b u t  
I n d ic a te d  th e  p re s e n c e  o f  a s m a l l e r  s u b u n i t  o f  45 ,000 in  acco rdance  
w i th  th e  number o f  c a r b o x y m e th y 1 -c y s te in e -c o n ta in in g  p e p t i d e s .
There seems to  be a r e a so n a b le  amount o f  agreem ent on th e  mole­
c u l a r  w e ig h t  v a lu e s  f o r  th e  h ig h e r  a g g re g a te s  (190,000 to  1 ,540 ,000  
d a l to n s )  and f o r  an I n te r m e d ia te  p a r t i c l e  (75 ,000 to  85,000 d a l to n s )  as 
ad judged  by s e v e r a l  p h y s i c a l  m ethods. The v a lu e s  f o r  a s m a l l e r  p ro tom er
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range from 24,000 to  62 ,000 d a l to n s  in c lu d in g  v a lu e s  o f  45,000 and 
4 7 ,0 0 0 . Hie 24 ,000 d a l to n  f ig u r e  i s  thought to  be a r t i f a c t u a l .  The
45.000 to  47 ,000 and th e  62 ,000 d a l to n  v a lu e s  a re  n o t  m u tu a lly  
com patable  in  the  same s u b u n i t  a g g re g a t io n  scheme. L ikew ise  th e  62,000 
and the  75,000 to  85,000 d a l to n  v a lu e s  a re  m u tu a l ly  e x c lu s iv e .
The a g g re g a t io n  p a t t e r n s  62 ,000 (monomer) -*■ 190,000 ( t r im e r )
360.000 (hexamer) -*• 690,000 (dodecamer) -► 1 ,300 ,000  ( te t r a c o s a m e r )  and
45.000 (monomer) -► 85,000 (d im er) -*■ 190,000 ( t e t r a m e r )  ■+• 360,000 
(oc tam er)  ■> 690,000 (hexadecam er) -► 1 ,300 ,000  (d o t r ia c o n ta m e r )  a re  bo th  
p l a u s i b l e  c o n s id e r in g  i d e n t i c a l  s u b u n i t s .  These c o n c lu s io n s  s t i l l  leave  
th e  s i z e  o f  th e  minimum s u b u n i t  a m a t te r  f o r  f u r t h e r  work.
The method o f  p e p t id e  mapping (Ingram , 1958), o r  " f i n g e r ­
p r i n t i n g "  as i t  i s  known, i s  a ve ry  u s e f u l  and s e n s i t i v e  t o o l  f o r  
c h a r a c t e r i z i n g  p r o t e i n s  a c c o rd in g  to  t h e i r  p r im ary  s t r u c t u r e .  Th is  
method in v o lv e s  the  s e p a r a t i o n  o f  the  p e p t id e s  in  an enzym atic  p r o t e i n  
d i g e s t  by chrom atography a n d /o r  e l e c t r o p h o r e s i s  i n  two d im ensions  under 
d i f f e r e n t  s o lv e n t  c o n d i t io n s  and pH. In  t h i s  way th e  p e p t id e s  can now 
be made v i s i b l e  by a s u i t a b l e  d e v e lo p in g  re a g e n t  and , i f  d e s i r e d ,  broken  
down by o th e r  enzym atic  o r  chem ica l methods in  an o r d e r ly  fa s h io n  to  
de te rm in e  the  sequence  o f  th e  amino a c id  r e s id u e s  in  the  p e p t id e .
In  a d d i t i o n  th e  map can be c o r r o b o r a t i v e  ev id en c e  f o r  some 
a s p e c t s  o f  q u a te r n a r y  s t r u c t u r e .  I f  th e  amino a c id  com p o si t io n  o f  a 
p r o t e i n  i s  known, and hence  the  number o f  l y s in e  and a r g in in e  r e s id u e s  
i n  a  p r o t e i n ,  then  th e  number o f  p e p t id e s  from a d i g e s t i o n  by t r y p s i n
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(which c le a v e s  a t  th e  c a rb o x y l  o f  th e se  r e s id u e s )  can be p r e d i c t e d  
w i th  r e a so n a b le  c e r t a i n t y ,  when th e  p r o t e i n  e x i s t s  as a s i n g l e  p e p t id e  
ch a in  o f  known m o le c u la r  w e ig h t .  When th e re  i s  more than  one p e p t id e  
c h a in ,  the  number of t r y p t i c  p e p t id e s  w i l l  be g r e a t e r  than  t h a t  p r e ­
d i c t e d  f o r  a s i n g l e  c h a in .  For exam ple, suppose t h a t  we know th e  amino 
a c id  com posit ion  o f  p r o t e i n  "x". "X" c o n ta in s  10 ly s in e  r e s i d u e s ,  10
a r g in in e  r e s id u e s  and has  a  known m o le c u la r  w e igh t o f  40 ,000 d a l t o n s .  
T ry p s in  c le a v e s  a t  th e  c a rb o x y l  o f  each  ly s in e  and a r g in in e  r e s id u e s  
g iv in g  20 p o in t s  o f  c leav ag e  in  th e  p e p t id e  ch a in  and a t h e o r e t i c a l  
y i e l d  o f  21 p e p t i d e s .  Should  th e  a c t u a l  number o f  p e p t id e s  be much 
g r e a t e r  than  t h i s  (p e rh ap s  30 o r  more) one cou ld  assume t h a t  more than  
one s u b u n i t  e x i s t s ,  each  w i th  a d i f f e r e n t  amino a c id  seq u en ce .  The 
c l o s e r  th e  a c t u a l  number o f  p e p t id e s  i s  to  th e  t h e o r e t i c a l  y i e l d  th e  
more sequence  homology t h e r e  w i l l  be between the  c h a in s .
One o f  th e  most c o n v en ie n t  methods f o r  d e te r m in a t io n  o f  
m o le c u la r  w e ig h ts  i s  p o ly a c ry la m id e  g e l  e l e c t r o p h o r e s i s  In  SDS. I t  i s  
s u g g e s te d  (A lb e r ty ,  1953) t h a t  SDS m in im izes  th e  n a t i v e  charge  
d i f f e r e n c e s  a l lo w in g  a l l  p r o t e i n s  t o  m ig ra te  as an ions  as a r e s u l t  o f 
complex fo rm a tio n  w i th  SDS. The p r o t e i n s  move th rough  th e  g e l  m a t r ix  
in  re sp o n se  to  an e le c t r o m o t iv e  fo rc e  and a re  s e p a r a te d  by f i l t r a t i o n  
a c c o rd in g  to  m o le c u la r  w e ig h t .  The th e o r y ,  a l th o u g h  e m p i r i c a l ,  h a s  
been  w e l l  e s t a b l i s h e d  by O gsten  (1958) and by Rodbard and Crambach 
(1970) .
Two a u th o rs  r e p o r t  prob lem s w ith  th e  m ethod. Kempe and
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Noltmann (1971) r e p o r t  the  appearance  o f  low m o le c u la r  w e ig h t  a r t i f a c t s  
In t h e i r  g e ls  o f  y e a s t  phosphoglucose  iso m erase  which o ccu r  a t  h ig h  
p r o t e i n  c o n c e n t r a t i o n .  This  im p l ie s  t h a t  th e  p r o t e i n ,  th o ugh t t o  be 
homogeneous might p o s s ib ly  c o n ta in  low l e v e l s  o f  con tam inan t which 
ap p ea r  only  a t  h ig h  enzyme c o n c e n t r a t io n  where they  a re  in  s u f f i c i e n t  
q u a n t i t y  to  show a s t a i n .  Tung and K night (1 9 7 1 ) ,  w i th  SDS g e l  
e l e c t r o p h o r e s i s ,  r e p o r t  m o le c u la r  w e ig h ts  f o r  n a t i v e  p r o t e i n s  
d i f f e r e n t  from th o se  when th e  same p r o t e i n s  a re  m a le y la te d  o r  
s u c c i n y l a t e d . They a t t r i b u t e  t h i s  d i f f e r e n c e  to  an i n c r e a s e  in  charge  
o f  th e  p r o t e i n  th rough  d e r i v a t i z a t i o n , f o r  which th e  s o l v a t i o n  by SDS 
cannot com pensate. Th is  seems u n l ik e ly  in  c o n s id e r a t io n  o f  the  h ig h  
b in d in g  r a t i o  (Reynolds and T an fo rd ,  (1970a) o f  a p p ro x im a te ly  one SDS 
m olecu le  to  ev e ry  two amino a c id  r e s id u e s  in  a p r o t e i n  a t  0.1% monomer 
c o n c e n t r a t io n  o f  SDS.
Many a u th o rs  (A lb e r ty ,  195 3 ),  (S h ap iro  e t  a l . , 1 9 6 7 ) ,  (Weber 
and O sborn, 1969), (Dunker and R u e c k e r t ,  1969), (Scopes and Penny, 1971) 
have a t t e s t e d  to  th e  v e r s a t i l i t y  and r e l i a b i l i t y  o f  t h i s  method f o r  
m o le c u la r  w e igh t d e te r m in a t io n .  These a u th o rs  a lo n e  a cco u n t  f o r  n i n e t y  
d i f f e r e n t  p r o t e i n s  whose m o le c u la r  w e ig h ts  have been  d e te rm in ed  in  t h i s  
manner. The m o le c u la r  w e ig h ts  from t h i s  so u rc e  compare fa v o ra b ly  
(w i th in  10%) to  th o se  o b ta in e d  by o th e r  p h y s i c a l  m ethods.
I t  i s  o f t e n  v a lu a b le  to  know th e  e x t e n t  o f  b in d in g  o f a l ig a n d  
to  a p r o t e i n .  E q u i l ib r iu m  d i a l y s i s  (C ra ig  and K in g ,1962)» a l th o u g h  
somewhat time consuming, i s  th e  e a s i e s t  and most c o n v e n ie n t  method f o r
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o b t a i n i n g  b in d in g  d a t a .  The time r e q u i r e d  to  reach  e q u i l i b r iu m  i s  
dependen t on the  amount o f  sample to  be d i a ly z e d ,  th e  s u r f a c e  a re a  
a v a i l a b l e  f o r  d i a l y s i s  to  tak e  p l a c e ,  the  p o r o s i t y  o f th e  tu b in g ,  the  
s i z e  o f  the  m olecu le  d i f f u s i n g  th rough  th e  membrane and o f  course  
te m p e r a tu r e .  These c o n d i t io n s  must be o p t im iz e d  to  p ro v id e  s u f f i c i e n t  
sample f o r  a ssa y  and y e t  g ive  a r e a so n a b le  e q u i l i b r iu m  t im e .  We p e r ­
formed b in d in g  s t u d i e s  w i th  sodium dodecy l s u lp h a t e  (SDS) and PFK to  
d e te rm in e  t h e i r  b in d in g  r a t i o .  S ince  many o th e r  ex p e r im en ts  were b e in g  
c a r r i e d  o u t w i th  PFK u s in g  SDS i t  i s  n e c e s s a ry  to  know the  e x t e n t  of 
b in d in g  i n  a l l  c a s e s .
The e x p e r im e n ts  w i th  SDS were conducted  on PFK w ith  the  
i n t e n t  o f  o b s e r v in g  th e  e f f e c t s  on th e  p o ly p e p t id e  ch a in  con fo rm a tion  
in  PFK by s p e c t r o p o la r im e t r y  and the  e f f e c t s  on s u b u n i t  a s s o c i a t i o n  by 
hydrodynam ic m easu rem en ts . B efore  em barking on a d i s c u s s io n  o f  th e s e  
two f a c e t s  o f  PFK s t r u c t u r e ,  a m ention  o f  some o f th e  d e te rm in a n te s  o f  
n a t i v e  p r o t e i n  s t r u c t u r e  and p r o t e i n  l ig a n d  i n t e r a c t i o n s  would seem in  
o r d e r .
The n a t i v e  co n fo rm a tio n  o f  a p r o t e i n  i s  n o t  th e  r e s u l t  o f  th e  
arrangem en t o f  w a te r  m o lecu les  p e r  s e , b u t  r e s u l t s ,  in  p a r t ,  from th e  
i n a b i l i t y  o f  t h a t  a rran g em en t to  accommodate i t s e l f  to  hydrophob ic  
m o ie t i e s  in  th e  p r o t e i n  s t r u c t u r e .  D e n a tu ra t io n  o f  a p r o t e i n  i s  a 
m ajo r change from th e  o r i g i n a l  n a t i v e  s t r u c t u r e  w i th o u t  s e v e ra n c e  o f  
any of th e  chem ica l bonds which j o i n  one amino a c id  to  a n o th e r .  This  
d e f i n i t i o n  a p p l i e s  on ly  to  p r o t e i n s  w i th  an o rd e re d  n a t i v e  s t r u c t u r e .
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Many p r o t e i n s ,  in  t h e i r  n a t i v e  s t a t e s ,  c o n s i s t  of s e v e r a l  
p o ly p e p t id e  c h a in s .  P o ly p e p t id e  ch a in s  and s u b u n i t s  a re  h e ld  to g e th e r  
by the  same k in d  of fo r c e s  t h a t  a t t r a c t  one p a r t  o f  a p o ly p e p t id e  ch a in  
to  a n o th e r  p a r t  o f  th e  same c h a in .  The t h e o r e t i c a l  p r i n c i p l e s  t h a t  
govern d i s s o c i a t i o n  i n t o  s u b u n i t s  a re  t h e r e f o r e  i d e n t i c a l  to  th o se  t h a t  
govern c o n fo rm a t io n a l  change in  g e n e r a l .  The d i s s o c i a t e d  s t a t e  of 
s u b u n i t s  i s  n o t  c o n s id e re d  a d e n a tu re d  s t a t e  u n le s s  a m ajor conforma­
t i o n a l  change accom panies th e  d i s s o c i a t i o n .
A p e p t id e  ch a in  which has  l o s t  a l l  n o n c o v a le n t  s t r u c t u r e  
and a l l  c ro s s  l i n k s  i s  s a i d  to  be a l i n e a r  random c o i l .  F u r th e rm o re ,  
a p r o t e i n  i s  s a i d  to  be randomly c o i l e d  when i n t e r n a l  r o t a t i o n  can take  
p la c e  abou t e v e ry  s i n g l e  bond o f th e  m o le c u le ,  w i th  th e  same freedom 
w ith  which i t  would ta k e  p la c e  i n  a low m o le c u la r  w e igh t m olecule  
c o n ta in in g  th e  same k in d  o f  bond. The r o t a t i o n  i t s e l f  i s  n o t  random, 
as bond r o t a t i o n s  a r e  s e v e r e ly  r e s t r i c t e d  a t  o r d in a ry  te m p e ra tu re s .  
C e r ta in  r o t a t i o n  a n g le s  a re  p r e f e r r e d  and th e  c o i l e d  m olecu le  w i l l  
adopt r o t a t i o n  a n g le s  w i th  a p r o b a b i l i t y  t h a t  i s  governed s o l e l y  by th e  
l o c a l  e n e rg y .  In  a  p o ly p e p t id e  c h a in ,  r o t a t i o n  can o c cu r  abou t th e  
two s i n g l e  bonds t h a t  j o i n  th e  a -c a rb o n  atom to  th e  n e ig h b o r in g  c a rb o n y l  
carbon and th e  im ino n i t r o g e n .  R o ta t io n  cannot o ccu r  abou t th e  amide 
bond, as i t  has  c o n s id e r a b le  double  bond c h a r a c t e r ,  and i s  e f f e c t i v e l y  
f ix e d  in  a  p l a n a r - t r a n s  c o n f ig u r a t i o n  under most c o n d i t i o n s .
There a re  two d i s t i n c t  v a r i a b l e  r o t a t i o n  a n g le s  p e r  amino 
a c id  r e s id u e  a lo n g  th e  p e p t id e  backbone in  a d d i t i o n  t o  th e  p o s s i b l e
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r o t a t i o n s  on the  s id e  c h a in s .  The d im ensions  of random c o i l s  and 
p r o p e r t i e s ,  such as v i s c o s i t y ,  t h a t  a re  a measure o f  t h e i r  d im en s io n s ,  
depend d i r e c t l y  on th e  backbone r o t a t i o n  a n g le s .  The s id e  ch a in s  have 
an e f f e c t  on th e  d im ensions  on ly  th ro u g h  t h e i r  in f lu e n c e  on th e  freedom 
of r o t a t i o n  about th e  backbone bonds . The t h e o r e t i c a l  e s t i m a t i o n  of 
th e  r e s t r i c t i o n s  to  r o t a t i o n  a long  th e  p o ly p e p t id e  backbone i s  w e l l  
covered  by Ramachandran and S a s is e k h a ra n  (1 9 6 8 ) .
The tendancy o f p r o t e i n s  to  form t i g h t l y  bound complexes 
w ith  a v a r i e t y  o f  ions  was f i r s t  n o ted  by Sorenson (1 9 0 9 ) ,  when he 
observed  a " p r o t e i n  e r r o r "  where pH i n d i c a t o r s  were p la c e d  in  a p r o t e i n  
s o l u t i o n .  O ther i n v e s t i g a t o r s  r e v e a le d  b in d in g  phenomena t h e r e a f t e r ;  
e . g . ,  the  a c id  dy ing  o f  wool by Chapman e t  a l .  (1927) and i n t e r a c t i o n  of 
m e ta l  io n s  w i th  p r o t e i n  by G reenberg  (1951) . S te in h a r d t  (1941), t i t r a t i n g  
wool k e r a t i n  w i th  a v a r i e t y  o f  s t r o n g  a c i d s ,  observed  w id e ly  v a r i a n t  
d eg rees  o f  b in d in g  w i th  th e  p r o t e i n .  S t e i n h a r d t ' s  work was m o d if ied  
by S c a tc h a rd  (1949) i n  a more e x a c t in g  t r e a tm e n t  of b in d in g ,  b u t  th e  
c o n c lu s io n s  from the d a ta  rem ained unchanged. A g r e a t  many works were 
p u b l i s h e d  in  en su in g  y e a r s  r e s u l t i n g  in  some c o n ce p tu a l  changes 
r e g a rd in g  the  f a c t o r s  i n f l u e n c in g  b in d in g .
Many p r o t e i n s  b in d  an ions  b u t  on ly  a few complex w i th  u n iv a l e n t  
c a t i o n s .  I t  i s  n o t  uncommon f o r  p r o t e i n s  to  b in d  an ions  even though 
they  them selves  p o s s e s s  a  n e g a t iv e  c h a rg e .  The mechanism f o r  t h i s  
i s  s t i l l  a m a t te r  f o r  s p e c u l a t i o n .  The e x t e n t  to  which a p r o t e i n  b in d s  
th e  l a r g e r  an ions  ap p ea rs  to  be a fu n c t io n  o f th e  s i z e  o f  the  i o n ,  th e
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l a r g e r  Lons h av in g  a h ig h e r  a f f i n i t y  f o r  the  p r o t e i n .  Sometimes 
p r e c i p i t a t i o n  of the  p r o t e i n  o ccu rs  as a r e s u l t  of b in d in g ,  and th e re  
a re  case s  o f  some o f the  s u r f a c e  a c t i v e  io n s  ( i o n i c  d e te r g e n t s )  
r e d i s s o lv i n g  the  p r e c i p i t a t e  a t  h ig h e r  io n  c o n c e n t r a t i o n s .  The n a tu r e  
o f  t h i s  b in d in g  i s  complex in  t h a t  th e r e  ap p ea rs  to  be g r e a t  d i v e r s i t y  
in  the  c h a r a c t e r i s t i c s  o f  b in d in g  s i t e s  and few c o n s i s t a n t  con­
fo rm a t io n a l  e f f e c t s  from p r o t e i n  to  p r o t e i n .  In  a d d i t i o n  n o t  a l l  th e  
b in d in g  s i t e s  ap p ea r  to  be p r e s e n t  in  th e  n a t i v e  p r o t e i n  and b in d in g  
g e n e r a l ly  appea rs  n o t  on ly  to  be dependen t on th e  n a tu r e  o f  the  s i t e  
b u t on th e  ion  as w e l l .
Work done w i th  SDS I n d i c a t e s  th e  unmasking o f p re v io u s ly  
u n a v a i l a b le  b in d in g  s i t e s  as a  r e s u l t  of i n i t i a l  d e te r g e n t  b in d in g  
( c o o p e ra t iv e  e f f e c t s ) .  C au tion  i s  prom pted when w orking w ith  d e te r g e n t s  
in  t h a t  they  w i l l  form m i c e l l a r  a g g re g a te s  above t h e i r  c r i t i c a l  m ic e l l  
c o n c e n t r a t i o n s .  When t h i s  happens th e  c o n c e n t r a t io n  o f  th e  monomer io n  
rem ains c o n s ta n t  w i th  In c re a s e  in  o v e r a l l  d e t e r g e n t  c o n c e n t r a t io n  and 
any su b se q u e n t  in c r e a s e  on ly  i n c r e a s e s  m ic e l l  c o n c e n t r a t i o n .
E a r ly  s t u d i e s  o f  d e t e r g e n t - p r o t e i n  i n t e r a c t i o n s  showed a 
d i s r u p t i v e  e f f e c t  on o rg a n iz e d  s t r u c t u r e  o f  p r o t e i n s  as d e te c te d  by 
changes i n  v i s c o s i t y  (Putnam and N e u ra th ,  1943). In  th e  same y e a r  
Putnam and N eura th  showed th e  fo rm a tio n  o f  two d i s c r e t e  SDS complexes 
w ith  i n c r e a s i n g  SDS c o n c e n t r a t i o n .  One had a m ola l r a t i o  o f  55 and th e  
o th e r  110. Reynolds and Tanford  (1970a) have a l s o  shown the  p re se n c e  o f  
to  com plexes. One had an SDS to  p r o t e i n  r a t i o  (w eigh t to  w e ig h t)  o f  0 .4
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- 4and the  o th e r  had 1 .4  and were formed below and above 8x10 M SDS 
r e s p e c t i v e l y .
D e te rg en ts  seem to  be a b l e ,  w i th in  c o n s t r a i n t s ,  to  p r o t e c t  
a p r o t e i n  from d e n a tu r a t lo n  e i t h e r  th rough  s t a b i l i z a t i o n  o f  o rg a n iz ed  
s t r u c t u r e  a l r e a d y  p r e s e n t  o r  th rough  o r g a n iz a t i o n  o f n o n - p e r io d ic  
s t r u c t u r e .  SDS has  been shown to  r e v e r s e  the  e f f e c t s  o f  u re a  and 
o th e r  d e n a tu r in g  a g e n ts  on p r o t e i n s .  The changes in  p r o t e i n s  b rough t 
about th rough  SDS b in d in g  a re  r e v e r s i b l e  to  a c e r t a i n  e x t e n t .  P ro longed  
d i a l y s i s  to  remove SDS from p r o t e i n  s o l u t i o n s  gave a p r o t e i n  w i th  an 
a l t e r e d  i s o e l e c t r i c  p o i n t .  This  a l t e r a t i o n  might w e l l  be due to  some 
o f th e  SDS s t i l l  t e n a c io u s ly  bound to  th e  p r o t e i n .
When hyd ro ca rb o n s  become charged  i . e . ,  by th e  a t ta ch m e n t  
of s u l f a t e ,  t h e i r  a f f i n i t y  f o r  p r o t e i n s  i n c r e a s e s ,  a l th o u g h  th e  b in d in g  
fo rce  ap p ea rs  to  depend on h y d rophob ic  f o r c e s ,  r a t h e r  than  on coulombic 
a t t r a c t i o n .  In  a d d i t i o n  to  r e q u i r e d  h y d ro p h o b ic  c h a r a c t e r i s t i c s  of 
the  l ig a n d  f o r  b in d in g ,  p r o t e i n s  h av in g  an a f f i n i t y  f o r  l ig a n d s  w i th  
hydrocarbon  c h a r a c t e r ,  must have exposed p a tc h e s  o f  hydrophob ic  s id e  
ch a in s  a v a i l a b l e .  For b in d in g  as a r e s u l t  o f  charge  i n t e r a c t i o n s  o n ly ,  
c a t i o n i c  and a n io n ic  groups on th e  p r o t e i n  w i l l  b in d  a n io n ic  and 
c a t i o n i c  l ig a n d s  r e s p e c t i v e l y .  Among o rg a n ic  l ig a n d s  a h ig h  a f f i n i t y  
to  p r o t e i n  w i l l  accompany hyd ro p h o b ic  c h a r a c t e r  and as th e  s o l u b i l i t y  
o f  a l ig a n d  in  w a te r  d e c re a se s  (due to  an in c r e a s e  in  s id e  ch a in  s i z e )  
the  a f f i n i t y  f o r  p r o t e i n s  g e n e r a l ly  i n c r e a s e s .
Much o f  the  work h e r e in  in v o lv e d  the  i n t e r a c t i o n  o f  SDS w ith
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PFK. For t h i s  rea so n  i t  seemed a p p r o p r ia t e  to  i n v e s t i g a t e  the  n a tu r e  
o f  th e se  i n t e r a c t i o n s .  Poly  amino a c id s  were s u b je c te d  to  e q u i l ib r iu m  
d i a l y s i s  in  SDS to  de te rm in e  the  e x t e n t  o f  b in d in g ,  and t h e i r  conforma­
t i o n a l  changes in  th e  p re se n c e  of SDS were observed  as p e r tu b a t io n s  
o f  th e  c i r c u l a r  d i c h r o i c  s p e c t r a .  The s e l e c t i o n  of i n d iv id u a l  poly  
amino a c id s  was aimed a t  answ ering  th e  fo l lo w in g  q u e s t i o n s :
(1) Does SDS i n t e r a c t  w i th  charged  s id e  ch a in s?
(2) Does SDS i n t e r a c t  w i th  hydrophob ic  s id e  ch a in s?
(3) Does SDS i n t e r a c t  w i th  th e  p e p t id e  bond?
(4) SDS h as  been ob serv ed  to  i n c r e a s e  th e  a - h e l i x  
c o n te n t  o f  a v a r i e t y  of p r o t e i n s .  What i s  the  
e f f e c t  o f  SDS on th e  s t a b i l i t y  of th e  a - h e l ix ?
P o ly ( T y r ) ,  p o ly (L y s)  , p o l y ( P h e ^ L y s ^ )  and p o ly (O m ) were
u t i l i z e d  to  observe  charge  i n t e r a c t i o n s .  P o ly ( T y r ) ,  p o l y ( P h e ^ L y s ^ )
98 .5  1.5and poly(D heg " Bglu  * ) were s e l e c t e d  to  observe  hydrophob ic  i n t e r -
98 5 1 5a c t i o n s .  P o ly (D h eg ) ,  poly(D heg * Bglu * ) ,  poly(H eg) and poly(Hpg) 
were models f o r  p e p t id e  bond i n t e r a c t i o n s .  The u n u su a l  n a tu r e  of the  
s id e  ch a in s  on th e  l a t t e r  fo u r  po ly  amino a c id s  was n o t  only  f o r  the  
p u rpose  o f  g iv in g  a n e u t r a l  s id e  ch a in  b u t  to  p ro v id e  s o l u b i l i t y  in  
w a te r .  The e f f e c t s  o f  SDS on p o ly ( P r o ) ,  po ly(4H pr) and a l l  the  
p re v io u s ly  m entioned polym ers w i l l  p ro v id e  in fo rm a t io n  on SDS e f f e c t s  
on s t a b i l i t y  o f  a - h e l i x ,  6 - s t r u c t u r e  and random c o i l .
One o f the  most u s e f u l  a n a l y t i c a l  methods in  p r o t e i n  c h em is try  
today  i s  s p e c t r o p o l a r i m e t r y . The two i n t e r r e l a t e d  e x p e r im e n ta l  q u a n t i -
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t i e s  o b ta in e d  from t h i s  method a re  c i r c u l a r  d ich ro ism  (CD) and o p t i c a l  
r o t a t o r y  d i s p e r s io n  (ORD). CD r e s u l t s  when an asym m etric  chromophore 
ab so rb s  r i g h t  hand and l e f t  hand c i r c u l a r l y  p o l a r i z e d  l i g h t  u n e q u a l ly .  
The measurement o f  t h i s  unequal i n t e r a c t i o n  over a spec trum  of wave­
le n g th s  o f  l i g h t  r e s u l t s  i n  a CD sp ec tru m . O p t ic a l  r o t a t i o n  a r i s e s  
when an asym m etric  s t r u c t u r e  r e f r a c t s  r i g h t  hand and l e f t  hand c i r ­
c u l a r l y  p o la r i z e d  l i g h t  u n e q u a l ly .  This  has  the  e f f e c t  o f  r o t a t i n g  the
p la n e  o f  p la n e  p o l a r i z e d  l i g h t  and when measured over a spec trum  of
w av e len g th s  p roduces  an ORD sp ec tru m .
The advan tages  o f  CD over ORD a re  as fo l lo w s :
(1) CD has  a h ig h e r  s i g n a l  to  n o is e  r a t i o  a t  a
g iven  w a v e len g th .
(2) A s i n g l e  CD t r a n s i t i o n  g iv es  r i s e  to  a s im p le  
g a u s s la n  c u rv e ,  hence even s e v e r a l  o c c u r r in g  
t o g e th e r  could  be more e a s i l y  re s o lv e d  i n t o
the  component t r a n s i t i o n s .  A s i n g l e  ORD t r a n s i t i o n  
g iv e s  a  curve  w i th  th e  shape of a cu b ic  f u n c t io n  
and th e  r e s o l u t i o n  o f  s e v e r a l  t r a n s i t i o n s  o c c u r r in g  
t o g e th e r  i s  q u i t e  complex.
(3) CD occu rs  only  w i th in  an a b s o r p t io n  band hence very  
n e a r  the  c e n te r  w aveleng th  o f  th e  t r a n s i t i o n .  ORD 
o ccu rs  b o th  n e a r  th e  c e n t e r  w aveleng th  o f  the  
t r a n s i t i o n  w ith  a s h o u ld e r  e x ten d in g  in  b o th  d i r e c t i o n s  
o v e r  a b ro ad  segment o f  th e  sp ec tru m . This  means t h a t
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even d i s t a n t l y  spaced  ORD curves  i n t e r a c t
w ith  one a n o th e r  making r e s o l u t i o n  more d i f f i c u l t .
CD i s  a u s e f u l  and s e n s i t i v e  means o f d e t e c t i n g  c o n fo rm a t io n a l  
changes in  p r o t e i n s .  C onfo rm ationa l changes have been observed  in  
a s p a r t a t e  t ra n sc a rb a m y la se  (D ra tz ,  1966), d ih y d r o f o la t e  r e d u c ta s e  
(F re ish e im  and D1 Souza, 1971) and m e tap y ro ca tech ase  ( H i r a ta  et  ̂ a l . ,
1971) as a r e s u l t  o f  s u b s t r a t e  b in d in g ;  in  c a rb o x y p e p t id a se  B (Sokolovsky 
and E isen b ach , 1972) as a r e s u l t  o f  chem ical a l t e r a t i o n  o f  a ro m a tic  
g roups ; and in  lysozyme (H alper ejt a l . , 1971) as a r e s u l t  o f  i n h i b i t o r  
b in d in g .  In fo rm a t io n  on c o n fo rm a t io n a l  changes i s  u s e f u l  in  d e te rm in in g  
the  p re sen c e  o f  c o o p e r a t iv e  e f f e c t s  w i th in  th e  p e p t id e  c h a in  and between 
s u b u n i t s .  When group s p e c i f i c  t r a n s i t i o n s  i . e . ,  a ro m a tic  chrom ophores , 
a re  in v o lv e d  in fo r m a t io n  may be g a ined  on t h e i r  invo lvem ent as  b in d in g  
o r  c a t a l y t i c  g ro u p s .  The a fo rem en tio n ed  approaches  were u t i l i z e d  in  
t h i s  s tu d y  o f  PFX.
The r e s e a r c h  d is c u s s e d  h e r e in  has  a d u a l  p u rp o se .  F i r s t ,  
to  f u r t h e r  c h a r a c t e r i z e  th e  p h y s i c a l  s t r u c t u r e  and s t r u c t u r e  fu n c t io n  
r e l a t i o n s h i p s  o f  PFK. Second, to  i n v e s t i g a t e  the  mechanism and e f f e c t s  
o f  b in d in g  SDS to  p r o t e i n  and o th e r  p o ly p e p t id e  s t r u c t u r e s .
I I .  MATERIALS AND METHODS
M a te r ia l s
Chem icals o f  s p e c i a l  im port a lo n g  w ith  t h e i r  a b b r e v ia t i o n s ,  
the  s o u rc e s  of s u p p ly ,  c r i t e r i a  o f  p u r i t y  where known, and f u r t h e r  
p u r i f i c a t i o n  p ro c e d u re s  where they  were n e c e s s a r y ,  a re  l i s t e d  below. 
Acrylamide (Canalco)
Adenosine monophosphate (AMP) (Sigma)
Adenosine t r i p h o s p h a te  (ATP) (Sigma)
A ld o la se  (B o eh rin g e r  Manneheim)
2 , 5 - A n hydro -D -m ann ito l-1 -phosphate  (S y n th es iz ed  by T. K o em er)  
Bovine serum album in (Sigma)
C a ta la s e  (W orth ington  Company)
Chloroform  (CHCl^) ( M a l l in c k r o d t , Nanograde)
Chymotrypsin (P en tex  6x c r y s t a l l i z e d )
C i t r i c  a c id  (Matheson Coleman and B e l l )
Cooma8sie b lu e  (Canalco)
C re a t in e  ph o sp h a te  (Sigma)
D i t h i o t h r e i t o l  (DTf) (Sigma)
Equine a lc o h o l  dehydrogenase  (Sigma)
D -f ru c to s e  ( F i s h e r  S c i e n t i f i c  Company)
D - f r u c to s e - 1 ,6 - d ip h o s p h a te  (FDP) (Sigma) 
D - f ru c to s e -6 -p h o a p h a te  (F6-P) (Sigma)
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G lu ta th io n e  (Sigma)
G ly c e ro lp h o sp h a te  dehydrogenase  (B o e h r in g e r  Mannheim) 
G uanidinium  c a rb o n a te  (A ld r ic h )  a f t e r  r e c r y s t a l l i z a t i o n  In  
e th a n o l  i t  was c o n v e r te d  to  guan id in ium  c h lo r id e  (GHC1) 
th ro u g h  a c i d i f i c a t i o n  w i th  HC1. The GHC1 thus  made was 
p r e c i p i t a t e d  from aqueous s o l u t i o n  by a d d i t i o n  of b en zen e ,  
r e c r y s t a l l i z e d  from m ethanol and s t o r e d  under d e s s i c a t l o n .
The m e l t in g  p o i n t  was 189-189 .5°  C.
I n s u l i n  (Squibb 40 USP u n i t s /m l )
M e rc a p to e th an o l  (Eastman)
M ethylene b l s a c r y la m id e  (C analco)
M ethylene b lu e  (Matheson Coleman and B e l l )
N,N,N’ ,N '- t e t r a m e th y le th y le n e d ia m in e  (C analco)
Ovalbumin (P en tex  5x c r y s t a l l i z e d )
P h o sp h o en o lp y ru v ic  a c id  (Sigma)
P h o s p h o f ru c to k in a s e  (PFK) was p re p a re d  from r a b b i t  muscle 
by th e  method o f  L ing  e t  a l . , 1965.
P o ly c y to s in e  (p o ly (C ))  (Sigma)
P o ly ( y -h y d ro x y - L -p ro l in e )  (p o ly (4 H p r))  (M iles L a b o r a to r i e s )  
P o ly ( L - l y s in e  HBr) (p o ly (L y s ) )  (Sigma 400,00  M.W.)
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P o ly (N ^ ,N ^ -d i(w -h y d ro x y e th y l) -L -g lu ta m in e  (p o ly (D h eg ))




Copolymer o f  98.5% ,N ^-di (u ) -h y d ro x y e th y l) -L -g lu tam in e  and
Q O  C 1 C
1 .5 % -b en zy l-L -g lu tam ic  a c id  (poly(Dheg * Bglu * ) )  
sequence  unknown b u t  presum ably  random. (S y n th e s iz e d  by 




P o ly (N ^ -h y d ro x y e th y l-L -g lu ta m in e )  (p o ly (H eg)) 




P o ly (N ^-h y d ro x p ro p y l-L -g lu ta m in e )  (po ly (H pg)) 






P o l y - L - o m i t h i n e  HBr ( p o ly ( O m ))  ( N u t r i t i o n a l  Bio­
chemica ls  C o r p o r a t io n ,  12 ,000-50 ,000  M.W.)
P o l y - L - p h e n y l a l a n y l - L - l y s i n e  HBr (poly  (Phe"*^Lys~*^)) (Miles
L a b o r a t o r i e s  180,000 M.W.) sequence  unknown presumably c lo se  
to  random. Poly (Orn)  100 mg, po ly (L ys)  200 mg,
p o l y ( P h e ^ L y s ^ )  100 mg, were each  d i s s o l v e d  in  20 ml of
w a t e r ,  f i l t e r e d ,  d i a l y s e d  f o r  24 hours  a g a i n s t  two changes 
of  0 . 1  M KC1 pH 6 . 5 ,  d i a l y s e d  f o r  12 hours  a g a i n s t  w a t e r ,  
l y o p h y l i z e d  o v e r n ig h t  and p u t  in  w a t e r  s o l u t i o n .
P o l y - L - p r o l i n e  ( p o ly ( P r o ) )  (Sigma)
P o l y - L - t y r o s i n e  ( p o ly ( T y r ) )  ( N u t r i t i o n a l  B iochem ica ls  
C o r p o r a t i o n ) .  P o ly (Tyr )  (100 mg) was d i s s o l v e d  i n  20 ml 
o f  w a te r  by t i t r a t i n g  w i th  0 .1  N KOH and m a i n t a i n i n g  pH
11,8  u n t i l  a l l  m a t e r i a l  d i s s o l v e d  ( s o l u t i o n  had a ye l low  
c o l o r ) . The s o l u t i o n  was f i l t e r e d ,  d i a l y z e d  f o r  24 hours  
a g a i n s t  two changes  o f  0 . 1  M KC1 pH 1 1 .9 ,  d i a l y z e d  f o r  12 
hours  a g a i n s t  w a t e r ,  l y o p h y l i z e d  o v e r n ig h t  and p u t  i n  
w a t e r  s o l u t i o n .
P y r u v ic  a c i d  (Matheson Coleman and B e l l )
Sodium dodecyl  s u l f a t e  (SDS) (Matheson Coleman and B e l l )
was r e c r y s t a l l i z e d  from e t h a n o l  to  remove th e  dodecyl  
a l c o h o l  con tam in an t  and s t o r e d  under  d e s s i c a t l o n .
T r io se p h o sp h a te  isoroerase  (B oeh r inge r  Mannheim)
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Trl (hydroxymethyl)aminoroethane ( t r i s )  ( F i s h e r  
S c i e n t i f i c  Company p r im ary  s t a n d a r d )
Tryps in  (Sigma)
T r y p s i n - L - [ to sy la m id o -2 - p h en y l ]  e t h y l  ch lo rom ethy l  ke tone  
(Trypsin-TPCK) (Worth ington  Company)
U r id in e  t r i p h o s p h a t e  (UTP) (Sigma)
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I s o l a t i o n  and P u r i f i c a t i o n  of  PFK.
PFK was i s o l a t e d  from r a b b i t  muscle by the  method of Ling 
e t  a l . (1965) and was found homogeneous bv e q u i l i b r i u m  u l t r a c e n t r i ­
f u g a t io n  i n  6 M GHC1. Enzymatic a c t i v i t y  was assayed  as p e r  Younathan 
e t  aL (1968) and the  p r o t e i n  c o n te n t  de te rm ined  s p e c t r o p h o t o m e t r i c a l l y  
a t  280 nm in  0 .1  N NaOH i n i t i a l l y  and p r i o r  t o  each  u se .  The p r o t e i n  
was s t o r e d  in  0 .1  M phospha te  b u f f e r ,  pH 8 . 0 ,  0 .1  M in  EDTA a t  4° C.
T r y p t i c  P e p t id e  A n a ly s i s
An a l i q u o t  of  PFK s t o c k  s o l u t i o n  was d i a l y z e d  a g a i n s t  w a te r  
o v e r n i g h t ,  l y o p h y l i z e d ,  then t r e a t e d  w i th  a p e r fo rm ic  a c id  r e a g e n t  
a cco rd in g  to  H i rs  (1967) as m o d i f ied  by Low (1970) to  o x i d i z e  the  t h i o l  
g roups .  Ten mg of  o x id i z e d  PFK p e r  ml was suspended i n  0.5% ammonium 
b i c a r b o n a t e  s o l u t i o n  pH 8 .2 .  Trypsin-TPCK was then added i n  th e  amount 
of  0 .2  mg to  each ml o f  the  PFK s o l u t i o n  i n i t i a l l y ,  then 0 .1  mg to  each 
ml a f t e r  8 h o u r s .  The r e a c t i o n  was t e r m in a t e d  a t  16 hou rs  by a c i d i f i c a ­
t i o n  to  pH 2 w i th  fo rmic  a c i d  and the  s o l u t i o n  was c e n t r i f u g e d  to  r i d  i t  
o f  i n s o l u b l e s .
An a l i q u o t  o f  th e  c l e a r  s u p e r n a t a n t  was then s u b j e c t e d  to  
ch rom atograph ic  s e p a r a t i o n  on a th e rm o s ta ted  50° C column (1x29 cm) 
c o n t a i n i n g  Bio-Rad AG 50 W-X2 r e s i n .  The column was e l u t e d  i n i t i a l l y  
w i th  5% fo rm ic  a c id  (pH 2) fo l lo w ed  by a l i n e a r  pH g r a d i e n t  of  p y r i d i n e  
a c e t a t e  from pH 2 .5  t o  pH 4 . 9 .  The g r a d i e n t  was g e n e r a te d  w i th  a fo u r
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compartment g r a d i e n t  maker* The com pos i t ion  of  each compartment i s  
shown in  Table  I I .
TABLE I I .  BUFFER COMPARTMENT
Compartment P y r id in e
ml




B u f fe r  pH
1 8.06 600 1392 2 .5
2 80.6 400 1520 3.75
3 80.6 400 1520 3.75
4 322.5 286.5 1391 5 .0
One hundred e i g h t y - s e v e n  3 ml f r a c t i o n s  were c o l l e c t e d .  A 
100 X sample of each was e l e c t r o p h o r e s e d  a t  pH 1.9  and 3 KV f o r  40 
minutes  ua ln g  Whatman no .  3 MM 46x57 cm p a p e r  in  a Savant LT48A tank  
e l e c t r o p h o r a t o r .  The p e p t i d e s  were deve loped  w i th  a cadmium-ninhydrin 
r e a g e n t  (D reyer  and Bynum, 1967).  F r a c t i o n s  c o n t a i n i n g  common p e p t i d e s  
were poo led  and chromatographed  i n  b u t a n o l : a c e t i c  a c i d r w a t e r  ( 4 : 1 : 5  by 
volume) fo l low ed  by 40 minutes  of  e l e c t r o p h o r e s i s  a t  pH 1 .9 .  P u r i f i e d  
p e p t i d e s  were e l u t e d  from th e  p ap e r  w i th  w a t e r ,  d i s s o l v e d  i n  6 N HC1, 
he a te d  a t  110° C in  e v ac u a ted  tubes  f o r  24 ho u rs  and d r i e d  under  vacuum. 
The amino a c i d  com pos i t ions  were then  de te rm ined  u s in g  a Beckman model 
120C a n a l y z e r  and th e  r e s u l t a n t  d a t a  i s  l i s t e d  in  Table  I I I .
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Another a l i q u o t  o f  the  c l e a r  s u p e r n a t a n t  c o n t a i n i n g  a p p r o x i ­
mate ly  20 mg of  o x id iz e d  PFK was s p o t t e d  on a 5 cm wide a r e a  on Whatman 
3 MM 46x57 cm p aper  and chromatographed f o r  17 ho u rs  i n  b u t a n o l : a c e t i c  
a c i d : w a t e r  ( 4 : 1 : 5 ) .  A 15 cm wide s t r i p  was then  cut and sewed on a 
double  s h e e t  (46x113 cm) o f  Whatman 3 MM paper  and e l e c t r o p h o r e s e d  a t  
pH 1.9 and 5 KV f o r  100 minu tes  i n  a Savant LT48A tank  e l e c t r o p h o r a t o r .  
The p e p t i d e s  were developed  w i t h  a cadmium-ninhydr in  r e a g e n t .  The 
f i n a l i z e d  p e p t i d e  mapping d a t a  was taken  from 3 of  the  b e s t  e l e c t r o ­
p h o r e t i c  s e p a r a t i o n s .
4
SDS P o ly ac ry lam id e  Gel E l e c t r o p h o r e s i s
SDS p o ly a c ry lam id e  g e l  e l e c t r o p h o r e s i s  (Weber and Osborne,
1969) was pe rformed on a 12 g e l ,  v e r t i c a l ,  w a te r  c o o le d ,  e l e c t r o p h o r a t o r .  
The g e l s  were composed of a 10 cm le n g th  of  7% acry lam ide  s e p a r a t i o n  
g e l ,  and a  4 mm le n g th  o f  a 3% acry lam ide  s t a c k i n g  g e l  to  c o n c e n t r a t e  
the  p r o t e i n s  i n t o  d i s c r e t e  b an d s .  Both g e l s  c o n ta in e d  a 0 .01  M pH 7 
phosphate  b u f f e r ,  0.1% sodium dodecy l  s u l f a t e  (SDS) and 0.1% m ercap to -  
e t h a n o l .  A s o l u b l i z l n g  b u f f e r  f o r  d i s s o l v i n g  the  sample  was 0 .01  M 
p h o s p h a te ,  pH 7 and c o n ta i n e d  1% SDS and 1% m e r c a p t o e t h a n o l . Gel p o ly ­
m e r i z a t i o n  was i n i t i a t e d  w i th  ammonium p e r s u l f a t e .  T r y p s in ,  chymo- 
t r y p s i n ,  a l c o h o l  dehydrogenase ,  ovalbumin , c a t a l a s e  and bovine  serum 
albumin were used as s t a n d a r d s  f o r  m o le c u la r  w e igh t  d e t e r m i n a t i o n .
Twenty t o  t h i r t y  yg of  each p r o t e i n  were mixed w i th  80 y l  o f  a sample 
" c o c k t a i l ' ' ,  composed of  0 .01  M phospha te  b u f f e r  pH 7, 35% by volume of
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g l y c e r o l ,  1% SDS, 1.4% m e rc ap to e th a n o l  and a  t r a c e  o f  methylene  b lue  
as a t r a c k i n g  dye.  The sample i s  a l lowed  to  s t a n d  f o r  2 hours  a t  
37° C p r i o r  to  e l e c t r o p h o r e s i s .  E l e c t r o p h o r e s i s  was c a r r i e d  out a t  
8 mA p e r  g e l  (53 V) f o r  4 h o u r s .  The g e l s  were removed from the  t u b e s ,  
f i x e d  and s t a i n e d  i n  0.1% coomass ie  b r i l l i a n t  b lu e  in  a c e t i c  a c i d :  
m e th a n o l :w a te r  ( 1 : 5 : 5 )  f o r  2 h o u r s .  The g e l s  were then  d e s t a i n e d  ove r ­
n i g h t  in  3% a c e t i c  a c i d  and when c l e a r  were s t o r e d  in  the  same s o l u t i o n ,  
The f i n a l  f i g u r e s  were taken  from t h r e e  s e t s  o f  the  b e s t  PFK samples  
and s t a n d a r d s .  D e n s i to m e t r i c  s cans  were run on the  g e l s  in  an EC810 
d e n s i t o m e te r  w i th  i n t e r g r a t e r  and r e c o r d e r .  This  p r o c e s s  assumes t h a t  
the  dye b in d s  a l l  p r o t e i n s  to  the  same e x t e n t .  Whereas,  r i g o r o u s  j u s t i ­
f i c a t i o n  was n o t  found,  i t  was common p r a c t i c e  to  use t h i s  method. 
D en s i ty  and d i s t a n c e  measurements  on the  p r o t e i n  m i g r a t i o n s  were made 
from the  den s i to g ram s  and m o b i l i t i e s  were computed a c c o rd in g  to  
e q u a t i o n  (1 ) .
dL
m "  tv
2
m -  e l e c t r o p h o r e t i c  m o b i l i t y  o f  p r o t e i n  i n  cm /V h r  
d ■ d i s t a n c e  m ig r a te d  on the  g e l  i n  cm
L •  l e n g t h  o f  the  g e l  i n  cm
t  ■ amount of  t ime e l e c t r o p h o r e s e d  in  hou rs
V -  v o l t a g e  a c r o s s  g e l  i n  v o l t s
(1)
The m o b i l i t i e s  f o r  the  s t a n d a r d  p r o t e i n s  were th e n  p l o t t e d  vs 
th e  log  o f  t h e i r  m o le c u la r  w e ig h ts  and a computer l e a s t  s q u a r e s  l i n e  
drawn through th e  r e s u l t i n g  p o i n t s  (F ig u re  2 ) .  M olecu la r  w e ig h ts  f o r
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PFK banda were c a l c u l a t e d  through i n t e r p o l a t i o n  o f  t h i s  graph and the 
r e s u l t a n t  f i g u r e s  l i s t e d  in  Table TV.
S p e c t r o p o l a r i m e t r y
C i r c u l a r  d ic h ro i sm  (CD) and o p t i c a l  r o t a t o r y  d i s p e r s i o n  (ORD)
s p e c t r a  were c a r r i e d  out on a Duram Ja s c o  J -2 0  r e c o r d i n g  s p e c t r o p o l a r i -
2
m e te r ,  c a l i b r a t e d  on th e  b a s i s  of  [ ®]291 = ^260 deg cm /dmole f o r  
d -1 0 - ca m p h o r s u l fo n ic  a c i d  i n  w a te r  (Cassim and Yang, 1970).  C a l i b r a t i o n  
f a c t o r s  F f o r  CD and f  f o r  ORD a re  o b t a i n e d  th rough t h i s  p ro ced u re  and 
a re  used i n  e q u a t i o n s  (2) and (6) t o  f o l l o w ,  f o r  c a l c u l a t i o n  of mean 
r e s i d u e  e l l i p t i c i t y  ( [ 0 ] )  and mean r e s i d u e  r o t a t i o n  ( [ m ] ) .  One hundred 
ten  was th e  mean r e s i d u e  m o le c u la r  w e ig h t  f o r  PFK used  i n  t h e s e  c a l c u ­
l a t i o n s .  Q uar tz  c y l i n d r i c a l  c e l l s  of p a t h  l e n g t h  0 . 1 ,  1 .0  and 10 mm 
were used f o r  CD and ORD and on some o c c a s io n s  r e c t a n g u l a r  c e l l s  of  
1 mm p a th  l e n g th  f o r  CD.
S o l u t i o n s  f o r  s p e c t r o p o l a r i m e t r y  were p r e p a r e d  a t  pH 7, 9 ,  11 
and 12, and c o n ta i n e d  0 .2 0  mg/ml PFK and 0 . 1  M sodium b o r a t e .  The 
b lan k s  c o n ta i n e d  the  same components w i th  e x c e p t i o n  o f  the  PFK. The 
s p e c t r a  were run a t  25° C in  a s p e c t r a l  range from 300 to  190 nm 
(F ig u re  5 ) .  I d e n t i c a l  runs  were made a t  the  same pHs add ing  0.1% 
sodium d o d e c y l s u l f a t e  (SDS) and 0 . 1  M m e rc a p to e th a n o l  (F ig u r e  6 ) .  These 
samples  were then  d i a l y z e d  to remove as  much o f  the  SDS and m ercap to­
e t h a n o l  as p o s s i b l e  and the  s p e c t r a  were  r e r u n  (F ig u re  7 ) .  S o l u t i o n s  
were made up to  t e s t  th e  e f f e c t  o f  v a r y i n g  SDS c o n c e n t r a t i o n  on the  CD
29
o f  PFK which were 0 .191  mg/ml PFK, 0 .05  M t r i s  p h o s p h a te ,  pH 8 . 0 ,  and 
0 .0 1  M m e r c a p to e th a n o l .  M i c r o l i t e r  a l i q u o t s  o f  0 . 3  mM, 3 mM, 30 mM and 
300 mM SDS were i n t r o d u c e d  i n t o  the  samples u s in g  a m i c r o b u r e t t e  to  
a t t a i n  d e s i r e d  SDS c o n c e n t r a t i o n s .  The volume of  t i t r a n t  was n o t  a l low ­
ed t o  exceed  1/50 th e  sample volume b e f o r e  p r e p a r i n g  a new sample f o r  
c o n t in u e d  o b s e r v a t i o n  o f  the  e f f e c t  o f  i n c r e a s i n g  SDS c o n c e n t r a t i o n .
This  p r e c a u t i o n  e l i m i n a t e d  c o n c e n t r a t i o n  e f f e c t s  from change in  
c o n c e n t r a t i o n  of  PFK and the  need to  c o r r e c t  f o r  sample d i l u t i o n .
The sample was scanned  a f t e r  each SDS a d d i t i o n  from 230-215 nm. Blanks 
were scanned p e r i o d i c a l l y  t o  avoid  the  problem of  b a s e l i n e  s h i f t s .  The 
w a v e le n g th ,  218 nm, was chosen to  m o n i t e r  the  CD changes as  i t  o f f e r e d  
a r e g io n  where th e  e l l i p t i c i t i e s  f o r  a - h e l i x ,  8 - s t r u c t u r e  and random 
c o i l  d i f f e r  s i g n i f i c a n t l y .  In  a d d i t i o n  i t  p ro v id e d  an optimum s i g n a l  
to  n o i s e  r a t i o  and a w ave leng th  where the  e l l i p t i c i t y  changed l e a s t
w i t h  change i n  w ave leng th  ( F ig u re s  4 and 9 ) .  The SDS c o n c e n t r a t i o n
- 2
range  f o r  t h i s  s tu d y  (F ig u re  8) was from zero  to  10 M i n c l u d i n g  the  
fo l l o w i n g  v a l u e s :
1 , 2 , 3 , 4 , 6 ,8 x l0 ~ 6 M 
l * , 2 , 3 , 4 , 5 , 6 , 7 , 9 x l 0 ~ 5 M 
l , 2 , 3 , 4 , 6 * , 9 x l 0 ~ 4 M
1 * , 2 , 4 , 7xl0~3 M
*  -21 .8  xlO M
ORD s p e c t r a  from 220-250 nm were run on a s t e r i s k e d  SDS c o n c e n t r a t i o n s
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fo r  compar ison w i th  o t h e r  d a t a  (F ig u re  10) .
CD s p e c t r a  were o b t a in e d  in  the  a ro m a t ic  r e g io n  (310-240 nm) 
from s o l u t i o n s  of pH 7, 9 ,  11 and 12 c o n t a i n i n g  0 .1  M p o ta ss iu m  b o r a t e ,
5 mM MgSO^ and 1 .078 mg/ml o f  PFK (F ig u re  20)-  Other  s p e c t r a  of the  
same c o n c e n t r a t i o n  of  enzyme were  run in  the  same r e g io n  in  0 .5  M t r i s  
p h o s p h a te ,  pH 8 w i th  the  enzyme a lone  and w i th  5 mM of  one o f  the  e f f e c t ­
o r s  f r u c t o s e ,  F6-P, FDP, 2 ,5 - a n h y d r o - D - m a n n i t o l - l - P  and p y r u v ic  a c id  
(F ig u re s  21 and 22) .  A spec t rum  was a l s o  run w i th  i n s u l i n  p r e s e n t  a t  
a c o n c e n t r a t i o n  o f  0 .0 8  mg/ml.  Two a d d i t i o n a l  s p e c t r a  were run w i th  
th e  same b u f f e r ,  one w i th  0.1% SDS and 0 .01  M m e r c a p to e th a n o l ,  the  o t h e r  
w i th  6 M GHC1.
CD s p e c t r a  were o b ta in e d  i n  a  l i m i t e d  p o r t i o n  o f  the  p e p t i d e  
r e g io n  of  the  enzyme (230-215 nm) on s o l u t i o n s  c o n t a i n i n g  0 .05  M t r i s  
p h o s p h a te ,  pH 8,  0 .053  mg/ml PFK bo th  w i th  and w i th o u t  2 mM MgSO^ a t  
10° o r  15° t em p e ra tu re  i n t e r v a l s  between 10° and 60° C. These s p e c t r a  
were run w i th  1 mM of  the  e f f e c t o r s  F6-P, FDP, UTP, AMP, ATP and the  
enzyme a lone  ( F ig u re s  1 2 -17 ) .
CD s p e c t r a  were a l s o  made on s o l u t i o n s  of  po ly (C)  (F ig u re  18) 
0 .044  rag/ml i n  .033 M p hospha te  b u f f e r ,  pH 8 ,  b o th  w i th  and w i t h o u t  0 .053  
mg/ml PFK a t  10° i n t e r v a l s  from 10° -  70° C.
A CD spec t rum  in  a l i m i t e d  s e c t i o n  o f  the  p e p t i d e  re g io n  (220-
250 nm) was made in  6 M GHC1 ( F ig u re  U) a t  1.05 mg/ml PFK.
CD s p e c t r a  were o b t a i n e d  on the  fo l lo w in g  polymer s o l u t i o n s  i n
the  s p e c t r a l  bands i n d i c a t e d  u s in g  a  1 mm r e c t a n g u l a r  q u a r t z  c e l l .  SDS
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c o n c e n t r a t i o n  was In c re a s e d  by m ic ro b u re t  t i t r a t i o n  u s ing  c o n c e n t r a t e d  
SDS s o l u t i o n s  and s p e c t r a l  scans  were made a t  s e l e c t e d  SDS c o n c e n t r a ­
t i o n s .  The volume of  t i t r a n t  was no t  a l l w e d  to  exceed 1/50 th e  
sample volume b e f o r e  p r e p a r i n g  a new sample f o r  c o n t in u ed  o b s e r v a t i o n  
o f  the  e f f e c t  of i n c r e a s i n g  SDS. The fo l lo w in g  polymers  and e x p e r i ­
menta l  c o n d i t i o n s  were used :
QQ C I S
(1) poly(Dheg Bglu ) 0 .603  mg/ml, 0 .05  M t r i s
phosphate  pH 7, a ro m a t i c  r e g io n  (240-280 nm) (F ig u re  29)
g o  c i c
(2) poly(Dheg Bglu ) 0 .075 mg/ml,  0 .05  M t r i s
phosphate  pH 7, p e p t i d e  r eg io n  (190-220 nm) (F igu re  28)
(3) p o ly (T y r )  0 .089  mg/ral, 0 .05  M NaHCXXj pH 1 1 .8 ,
a ro m a t ic  r e g io n  (240-290 nm) (F igure  27)
(4) po ly (T y r)  0 .044  mg/ml, 0 .05  M NaHC03 pH 1 1 .8 ,
p e p t i d e  r e g io n  (190-240 nm) (F igure  26)
(5) p o ly (P h e 5°Lys5° )  0 .036 mg/ml, 0 .05  M NaHC03 pH 7, 
a ro m a t i c  and p e p t i d e  r e g io n s  (220-260 nm) (F ig u re  25)
(6) po ly (L ys)  0 .093  mg/ml,  0 .05  M NaH(X>3 pH 7,  p e p t i d e
r e g io n  (190-230 nm) (F igure  23)
(7) p o ly (O m )  0 .081  mg/ml, 0 .05  M NaH(X>3 pH 7,  p e p t i d e
r e g io n  (190-240 nm) (F ig u re  24)
(8) p o ly (P ro )  0 .067  mg/ml,  0 .05  M t r i s  phospha te  pH 7,
p e p t i d e  r e g io n  (190-230 nm) (F ig u re  30)
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The mean r e s id u e  e l l i p t i c i t v  ( [ 9 ] )  was computed from e q u a t i o n  ( 2 ) .
F(E-B)s m , .
rnl -  r e s[0] -  _
2
[9] “ mean r e s i d u e  e l l i p t i c i t y  i n  deg cm /dmole
F = c a l i b r a t i o n  f a c t o r  f o r  CD
E « exper inventa l  c h a r t  r e a d i n g  in  cm
B = b la n k  o r  b a s e l i n e  v a lu e  i n  cm
s = s e n s i t i v i t y  i n  m°/cm
mres  * 11,6311 r e s i d u e  m o le c u la r  w e igh t  i n  g/mole
c -  c o n c e n t r a t i o n  o f  s o l u t e  i n  mg/ml
L “ c e l l  p a th  l e n g t h  i n  nm
An ORD spec t rum  was run on a 6 M GHC1 s o l u t i o n  c o n t a i n i n g  1.18 mg/ml o f  
PFK i n  the  s p e c t r a l  range from 700-280 nm. These v a l u e s  were e n t e r e d  
i n t o  th e  Moffatt-Yang e q u a t i o n  (3) (Yang, 1967):
[ m jit] N a .  + b .  X.2 -1  (3)X2
2
[m^] ■ mean r e s i d u e  r o t a t i o n  a t  X̂  i n  deg cm /dmole
n^ -  s o l v e n t  r e f r a c t i v e  in d e x  a t
11
Â  ■ waveleng th  in  nm
A0 =■ 212 nm
2
a 0 * c o n s t a n t  i n  deg cm /dmole
2
b 0 * c o n s t a n t  i n  deg cm /dmole
and a \alue f o r  b 0 o b t a i n e d  by a l i n e a r  l e a s t  s q u a r e s  f i t  to  the  p o i n t s  
o b t a in e d  by p l o t t i n g  (A)
2 2 A -  A0
(A)
on the  a b s c i s s a  vs (5)
[m, ]
[v2 ] A„ - 1
(5)
on th e  o r d i n a t e  where b c i s  th e  s lo p e  o f  the  l i n e .  The m o la r  r o t a t i o n  
([m^]) was computed from e q u a t i o n  (6)
[mj f  (E—B) s  m 
cL~
re s (6 )
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[m̂  ] ■= mean r e s id u e  r o t a t i o n  i n  deg cm /dmole
f = c a l i b r a t i o n  f a c t o r  f o r  ORD
E * e x p e r im e n t a l  c h a r t  r e a d in g  i n  cm
B * b la n k  o r  b a s e l i n e  v a lu e  i n  cm
s = s e n s i t i v i t y  i n  m°/cm
mre s  ■ mean r e s i d u e  m o le c u la r  weigh t  in  g/mole
c = c o n c e n t r a t i o n  of  s o l u t e  in  mg/ml
L -  c e l l  p a th  l e n g th  i n  mm
A c t i v i t y  o f  PFK i n  SDS
Enzymatic  a c t i v i t y  was a ssayed  (Younathan ej: a l .  , 1968) in  SDS
-4from maximum a c t i v i t y  a t  z e ro  SDS t o  10 M SDS where a c t i v i t y  ceased
(Ashour and Younathan, 1973).  The a ssay  mix c o n ta i n e d  0 .04  M t r i s
p h o s p h a te ,  pH 8; 50 mM KC1; 4 mM MgSO^,; 1 mM ATP; 3 mM d i t h i o t h r e i t o l ;
- 41 mM F6-P ; 1.6x10 M DPNH and the  a u x i l i a r y  enzymes: a l d o l a s e ,  t r i o s e -  
phospha te  i s o m e r a s e ,  and g ly c e r o lp h o s p h a t e  dehydrogenase .  The a u x i l i a r y  
enzymes were p r e s e n t  i n  a  l a r g e  excess  to  avo id  b e in g  l i m i t i n g .  PFK was
_3
p r e s e n t  a t  3.7x10 mg/ml and an a p p r o p r i a t e  a l i q u o t  of an SDS s t o c k  
s o l u t i o n  was used to  make th e  d e s i r e d  f i n a l  c o n c e n t r a t i o n s .
PFK was in c u b a t e d  a t  0° C f o r  one hou r  i n  0 . 1  M t r i s  p h o s p h a te ,  
pH 8,  0.1% a lbum in ,  0 . 1  M d i t h i o t h r e i t o l  and the  r e s p e c t i v e  SDS concen­
t r a t i o n  p r i o r  t o  a s s a y .  The enzyme was a ssayed  by o b s e r v a t i o n  of change 
i n  o p t i c a l  d e n s i t y  w i th  t ime a t  340 nm and 31° C in  a G i l f o r d  r e c o r d i n g
3b
s p e c t r o p h o t o m e t e r .  Enzyme r e a c t i o n  v e l o c i t i e s  were computed as  change 
in  o p t i c a l  d e n s i t y  p e r  minute  and c o n v e r t ed  to  % o r i g i n a l  a c t i v i t y  by 
e q u a t i o n  (7)
Vi
—  x 100 * X o r i g i n a l  a c t i v i t y  (7)
* o
V = v e l o c i t y  a f t e r  a d d i t i o n  of  SDS i n  o p t i c a l
d e n s i t y / m i n
V -  v e l o c i t y  w i t h  ze ro  SDS in  o p t i c a l  d e n s i t y / m i n
Viscometry
A 8 ample s o l u t i o n  f o r  v i s co m e t r y  was p r e p a r e d  c o n t a i n i n g  6 M 
GHC1, 0 . 1  M m e r c a p to e th a n o l ,  0 . 1  M p h o sp h a te  b u f f e r  pH 7 and 3 mg/ml 
PFK. The sample  was d i a l y z e d  o v e r n i g h t  a g a i n s t  50 ml of  a s i m i l a r  
s o l u t i o n  l a c k i n g  only  t h e  PFK. The l a t t e r  was used to  d i l u t e  t h e  sample 
i n  su b se q u e n t  runs  a t  25° C i n  a 50L761 Cannon Ubbelohde s em i -m ic ro -  
d i l u t i o n  v i s c o m e te r  from which flow t imes  were re c o rd e d  f o r  a s e r i e s  o f  
sample d i l u t i o n s .  The s o l v e n t  f low time was 479 .8  ± 0 . 6  seconds  and 
the  u n c e r t a i n t y  i n  sample flow time was ± 0 . 8  s ec o n d s .
Viscometry  measurements were made on samples  o f  PFK i n  0 .05
- 4  - 4  -1M t r i s  p h o s p h a te ,  pH 8,  a t  z e r o ,  2x10 , 7x10 and 1.8x10 M SDS.
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These s o l u t i o n s  were d i a l y z e d  a g a i n s t  t h e i r  r e s p e c t i v e  s o l v e n t s  ov e r ­
n i g h t .  Flow t im es  were re c o rd e d  i n  the  same v i s c o m e te r  used  above a t  
10° and 25° C f o r  a l l  s o l v e n t s  and sample d i l u t i o n s .  The flow t imes  
f o r  s o l v e n t s  a t  a l l  SDS c o n c e n t r a t i o n s  were 437.2 ± 0 .2  seconds  and
295.5  ± 0 .5  seconds  a t  0° and 25° C r e s p e c t i v e l y .  The u n c e r t a i n t y  
i n  sample flow times was found to  be ± 0 . 2  seconds  a t  25° C.
At z e ro  SDS c o n c e n t r a t i o n  th e  s o l v e n t  flow times  were
436.5 ± 0 . 2  seconds and 294.67  ± 0 .0 1  seconds  a t  10° C and 25° C 
r e s p e c t i v e l y .  The sample s o l u t i o n  behaved w e l l  a t  10* C g iv in g  flow 
times ± 0 . 1  seconds b u t  a t  25° C the  v a lu e s  were somewhat e r r a t i c .  
T h e r e f o r e ,  the  d a t a  f o r  n a t i v e  PFK a t  25° C a re  n o t  c o n s id e r e d  a c c u r a t e .
Reduced v i s c o s i t i e s  were c a l c u l a t e d  and a l e a s t  sq u a re s  f i t  
to  the  d a t a  was made. I n t r i n s i c  v i s c o s i t i e s  ( [ n ] )  and Huggins c o n s t a n t s  
(k) were c a l c u l a t e d  from e q u a t i o n  (8) (T an fo rd ,  eit a l . , 1967b) .
*1 ~ to  -  nred -  [n] + k [ n ] 2 c (8)
to c
nred  ■ reduced  v i s c o s i t y  i n  d l / g
[n] “ i n t r i n s i c  v i s c o s i t y  i n  d l / g
k -  Huggins c o n s t a n t
c •  c o n c e n t r a t i o n  o f  s o l u t e  g / d l
M
= flow time f o r  sample in  seconds
t 0 = flow time f o r  pure  s o l v e n t  in  seconds
E q u i l i b r iu m  D i a l y s i s  w i th  SDS
Thin f i l m  e q u i l i b r i u m  d i a l y s i s  a g a i n s t  0.1% SDS i n  the 
a p p r o p r i a t e  b u f f e r  was c a r r i e d  out on the  fo l lo w in g  p r o t e i n  and polymer 
s o l u t i o n s  a t  10° and 25° C:
(1) PFK 1 .98  mg/ml i n  0 .05 M t r i s  p h o s p h a te ,  pH 7,
0.1% SDS
(2) poly(Heg) 5 .06  mg/ml i n  0 .05  M t r i s  p h o s p h a te ,  pH 8,
0.1% SDS
(3) poly(Hpg) 3.97 mg/ml i n  0 .05  M t r i s  p h o s p h a te ,  pH 8,
0.1% SDS
(4) poly(Dheg) 2 .42  mg/ml i n  0 .05  M t r i s  p h o s p h a te ,  pH 8,  
0.1% SDS
The fo l l o w i n g  s o l u t i o n s  were done a t  25° C on ly :
(5) poly(4Hyp) 2 .4 7  mg/ml i n  0 .05  M t r i s  p hospha te  pH 7,
0.1% SDS
(6) p o ly (T y r )  2 .95  mg/ml i n  0 .05  M NaHC03 pH 1 1 .8 ,
0.1% SDS
38
(7) p o ly (P ro )  5 mg/ml In  0 .05  M t r i s  phosphate  pH 7,
0.1% SDS
(8) poly  ( D h e g ^ ’^Bglu*” ^) 4.52 mg/ml in  0 .05  M t r i s  
phospha te  pH 7, 0.1% SDS
P o ly ( O rn ) ,  po ly  (Phe^Lys"*^) and p o ly (L ys)  were found to  p r e ­
c i p i t a t e  ou t  i n  the  p re s e n c e  of 0.1% SDS, hence b i n d in g  r a t i o s  could  
no t  be c a l c u l a t e d .
One cm wide d i a l y s i s  tu b in g  was t r e a t e d  a t  80° C w i th  0 .1  M
NaHCO^ s o l u t i o n  f o r  10 m in u te s ,  washed i n  w a t e r ,  t r e a t e d  w i th  0 .1  M
a c e t i c  a c id  s o l u t i o n  a t  80° C and tho rough ly  r i n s e d  w i th  w a t e r .  C lass  
rods  30 cm x 6 mm were f i r e  p o l i s h e d  a t  b o th  en d s .  A 25 cm le n g th  of  th e  
t u b in g  i s  t i e d  i n  a kno t  a t  one end to  form a bag ,  t e s t e d  f o r  l e a k s ,  
and f i l l e d  w i th  0 . 2  ml o f  polymer s o l u t i o n .  The bag i s  now s l i p p e d  
over  one end o f  the  g l a s s  ro d ,  p u l l e d  snug ly  on and s u r g i c a l  th r e a d  i s
t i e d  around the  t u b in g  and rod 12 cm from the  bo t tom.  A t e s t  tube
(15x15 cm) i s  f i l l e d  w i t h  the  same SDS c o n t a i n i n g  b u f f e r  i n  which the  
polymer i s  d i s s o l v e d  and a  ru bbe r  cap w i th  a h o le  i n  the  middle  i s  s l i d  
down over  the  rod to  J u s t  above where the  th r e a d  i s  t i e d .  The rod  and 
cap assembly i s  lowered i n t o  th e  b u f f e r  and the  o u t e r  r im o f  the  ru bbe r  
cap i s  a f f i x e d  around th e  t e s t  tube  t o  form a s e a l .  The rod  i s  a d j u s t e d  
so t h a t  i t  c l e a r s  the  bo t tom  o f  th e  t e s t  tube  by a t  l e a s t  one cm. The 
t e s t  tube  i s  th e n  p l a c e d  i n  the  r a c k  of  a t h e r m o s ta t e d  r o t a r y  s h ak e r  
and the  i n e r t i a  o f  the  upper  end o f  t h e  rod w i l l  cause i t  to  o s c i l l a t e
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in  a c i r c l e  th us  i m p a r t i n g  a s t i r r i n g  movement to  the  lower p a r t  of  
th e  rod in  the  d i a l y s i s  b u f f e r .  The t h i n  l a y e r  o f  s o l u t i o n  between 
the  g l a s s  rod and the  d i a l y s i s  tu b in g  and the  movement of  th e  t u b in g  
in  th e  s o l v e n t  h a s t e n  g r e a t l y  th e  a t t a i n m e n t  o f  e q u i l i b r i u m .  Each 
polymer and p r o t e i n  s o l u t i o n  was t r e a t e d  in  t h i s  manner in  t r i p l i c a t e .  
P r e l i m i n a r y  expe r im en t s  showed t h a t  45 hou rs  o f  d i a l y s i s  was adequate  to  
a t t a i n  e q u i l i b r i u m .
The amount o f  SDS bound to  the  polymer was d e te rm ined  by 
a s s a y in g  e q u a l  a l i q u o t s  (25X) o f  bo th  s o l v e n t  and polymer s o l u t i o n  and 
s u b t r a c t i n g  the  d i f f e r e n c e  in  SDS l e v e l s  between them. The method of  
assay (Reynolds and Tan fo rd ,  1970a) was t o  add a 25X a l i q u o t  o f  the  
s o l u t i o n  t o  be a ssay ed  t o  5 ml of  methylene  b lu e  (24 mg/1) and a l lo w in g  
t h i s  t o  s i t  f o r  4 minutes  w h i le  a ch lo ro fo rm  s o l u b l e  SDS -  methylene  
b lu e  complex formed. TVenty ml o f  CHCl^ was th e n  added and th e  m ix tu re  
shaken f o r  20 seconds  and a l lowed  to  s i t  f o r  3 .5  hou rs  f o r  c o l o r  deve lop ­
ment. The CHCl^ l a y e r  was then  a ssayed  in  a G i l f o r d  s p e c t ro p h o to m e te r  
a t  655 nm a g a i n s t  a b lan k  p r e p a r e d  i n  th e  same manner s u b s t i t u t i n g  25X 
o f  w a te r  f o r  the  sample a l i q u o t .  Amounts o f  SDS were computed from a 
p r e v i o u s l y  p r e p a r e d  s t a n d a r d  curve made by p l o t t i n g  SDS c o n c e n t r a t i o n  
vs o p t i c a l  d e n s i t y .
I I I .  RESULTS
T r y p t i c  P e p t id e  A n a ly s i s
The p e p t i d e  map (F ig u re  1) o b t a i n e d  a f t e r  chromatography 
and e l e c t r o p h o r e s i s  a t  pH 1.9  r e v e a l e d  app ro x im a te ly  66 p e p t i d e s  as  a 
r e s u l t  o f  t r y p t i c  h y d r o l y s i s .  Of s p e c i a l  i n t e r e s t  i s  a group of  the  
two most b a s i c  p e p t i d e s  whose e l e c t r o p h o r e t i c  m o b i l i t i e s  a re  i d e n t i c a l  
(20% g r e a t e r  than l y s i n e )  and whose ch rom atograph ic  b e h a v io u r  i s  n e a r l y  
i d e n t i c a l .  D i f f e r e n t l y  c o lo r e d  p e p t i d e s  a r i s i n g  from the  cadmium- 
n i n h y d r i n  s t a i n  (o r a n g e ,  y e l lo w  and p in k )  a r e  marked in  F ig u r e  1. Amino 
a c i d  s t a n d a r d s  and the  f l u o r e s c e n t  marker a r e  i d e n t i f i e d  on the  b o r d e r  
of  F igu re  1. Two u n i d e n t i f i e d  f l u o r e s c e n t  s p o t s  whose a b s o r p t i o n  
maxima a re  a t  271 nm w i th  a t rough  a t  252 nm a r e  a p p r o p r i a t e l y  marked.
The s e p a r a t i o n  o f  the  t r y p t i c  p e p t i d e s  on th e  AG 50 W-X2 
column y i e l d e d  a number o f  p e p t i d e s  (Low e t  a l . ,  1971).  T h i r t y - tw o  
o f  t h e s e  were i s o l a t e d .  T h e i r  amino a c id  com pos i t ions  were de te rm ined  
(Low e t  a l . ,  1971) and a r e  l i s t e d  i n  Table  I I I .  Three p e p t i d e s  
(1 ,  2 and 3) were ve ry  a c i d i c  and came o f f  th e  column in  the  f i r s t  10 
f r a c t i o n s .  P e p t id e  4 was n o t a b l y  l a r g e  and co n ce iv a b ly  might be a 
m ix tu re  o f  two p e p t i d e s  w i th  s i m i l a r  ch rom atograph ic  b e h a v io u r .  P e p t id e s  
2 and 6 c o n ta i n e d  no l y s i n e  no r  a r g i n i n e  r e s i d u e s .  A l l  the  r e s i d u e s  in  
p e p t i d e  6 were p r e s e n t  i n  p e p t i d e  2 and 4,  hence  6 might p o s s i b l y  be 
the  r e s u l t  o f  an anomolous c leav ag e  o f  2 o r  4 .  P e p t i d e s  14 and 19 were
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FIGURE 1
Two d im e n s io n a l  t r y p t i c  p e p t i d e  map of  p h o s p h o f r u c to k in a s e  
a f t e r  8 hours  o f  h y d r o l y s i s  w i t h  TPCK-Trypsin.  The f i r s t  d imension  was 
chromatography f o r  17 hou rs  i n  b u t a n o l : a c e t i c  a c i d i w a t e r  ( 4 : 1 : 5 ) .  The 
second dimension was e l e c t r o p h o r e s i s  a t  pH 1 .9  and 5 KV f o r  100 m inu tes ,  
The p e p t i d e s  were deve loped  w i th  a n inhydr in /cadm ium  a c e t a t e  s o l u t i o n .  
A b b r e v ia t i o n s  a r e  as fo l l o w s :
Ala -  a l a n i n e
Arg -  a r g i n i n e
Asp -  a s p a r t i c  a c i d
Dansyl-Arg -  2 ( l - d im e t h y l a m i n o n a p h t h a l e n e - 5 - s u l f o n a m i d o ) -
5 - g u a n i d o - p e n t a n o i c  a c id
Glu -  g lu ta m ic  a c id
Gly -  g ly c in e
His -  h i s t i d i n e
Lys -  l y s i n e
Ser  -  s e r i n e
Thr -  t h r e o n i n e
Trp -  t ry p t o p h a n
orange p e p t i d e s  -  N - t e r m in a l  may be s e r i n e  
o r  a s p a r a g in e
y e l lo w  p e p t i d e s  -  N - t e r m in a l  may be g l y c i n e ,  
t h r e o n i n e  o r  c y s t e i c  a c i d
-  p i n k  p e p t i d e s  -  N - t e r m in a l  may be a l l  amino
a c i d s  o t h e r  than  th o s e  above
-  f l u o r e s c e n t  s p o t s
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TABLE I I I .  TRYPTIC PEPTIDES FROM AG 50 WX-2 COLUMN
P e p t id e  4 i s  p o s s i b l y  a m ix ture  o f  two p e p t i d e s  w i th  
s i m i l a r  column m o b i l i t i e s .
The number o f  h i s t i d i n e s  i s  2 ± 1.
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NUMBER 1 2 3
*
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
LYSINE 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
HISTIDINE 1 2**
ARGININE 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
CYSTEIC
ACID 2 1 2 1 1 1 1 1
ASPARTIC
ACID 1 2 6 2 3 1 2 1 1 2 1 1 1 1 1
METHIONINB
SULFONE 3 2 1 1 1 1 1
THREONINE 1 2 3 3 1 1 1 1 2 1 1 1 1
SERINE 1 1 2 2 1 1 2 1 2 2 1 1 1
GLUTAMIC
ACID 2 2 5 1 2 2 3 1 1 2 1 1 2 1 1
PROLINE 1 2 2 3 1 1 3 1 2
GLYCINE 3 3 3 3 4 1 2 4 1 1 1 1 1 1
ALANINE 1 3 3 2 1 1 1 1 1 1 2 1 3 1 1
VALINE 4 5 5 1 1 1 2 1 1 1 1 1 2 1 1
ISOLEUCINI 2 1 2 1 1 1 1
LEUCINE 4 1 6 2 1 2 1 1 1 1 2 1 1
TYROSINE 1 1 1 1
PHENYL­
ALANINE 1 1 1 1 1 1 1
TOTAL L3 26 30 38 20 6 9 15 11 2 4 4 21 1 5 3 6 10 1 3 3 5 7 8 15 2 2 3 2 2 6 4
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sLngle  amino a c id  r e s i d u e s .  Four p e p t i d e s  (4 ,  13, 25 and 32) c o n ta in e d  
both  l y s i n e  and a r g i n i n e  r e s i d u e s .  Only t h r e e  o f  t h e s e ,  however,  con­
t a i n e d  p r o l i n e  (4 ,  13 and 2 5 ) .  P e p t id e  32 c o n ta i n e d  only b a s i c  r e s i d u e s ,  
one l y s i n e ,  one a r g i n i n e ,  and be tween one and t h r e e  h i s t i d i n e  r e s i d u e s .
P o ly ac ry lam ide  Gel E l e c t r o p h o r e s i s
Each s t a n d a r d  p r o t e i n  appeared  as a s i n g l e  band on the  ge l  
ex ce p t  bov ine  serum albumin which y i e l d e d  a t o t a l  o f  fo u r  bands .  These 
a re  th e  monomer, d im er ,  t r i m e r  and t e t r a m e r  (Dunker and R u ek e r t ,  1969).
As a check the  log  of  th e  c a l c u l a t e d  m o le c u la r  w e ig h t s  of  the  o l igom ers
were p l o t t e d  v e r s u s  t h e i r  m o b i l i t i e s  and th e  curve was l i n e a r .  Only the
monomer and dimer e l e c t r o p h o r e t i c  m o b i l i t i e s  o f  b ov ine  serum albumin 
were used a long  w i th  the  m o b i l i t i e s  o f  th e  o t h e r  s t a n d a r d  p r o t e i n s  in  
a p l o t  o f  m o b i l i t y  v e r s u s  log  of m o le c u la r  w e i g h t .  The m o b i l i t i e s  of 
s t a n d a r d  p r o t e i n s  c a l c u l a t e d  from t h e i r  d i s t a n c e  o f  m ig r a t io n  on the  
g e l ,  as d e s c r i b e d  i n  th e  methods s e c t i o n  y i e l d e d  a good l i n e a r  l e a s t  
sq u a r e s  f i t  (F igu re  2) when p l o t t e d  i n  t h i s  manner.
PFK appeared  as f o u r  bands ( I ,  I I ,  I I I  and IV) whose m o b i l i t i e s
cor responded  to  m o le c u la r  w e ig h ts  o f  140,000 ± 8500, 112,000 ± 6800,
79,000 ± 4200 and 55 ,000 ± 2900 d a l t o n s  r e s p e c t i v e l y  (Table  IV) .  An 
i n t e g r a t i o n  o f  t h e  dens1t o m e t r i e  scan  of  t h e  PFK g e l  (F ig u re  3 ) ,  
r e v e a l e d  band I  comprised  4Z, band I I  21Z, band I I I  65Z and band IV 
10% of  the  t o t a l  PFK on th e  g e l .  Th is  same r a t i o  p e r s i s t e d  i n  a l l  g e l s  
scanned .
FIGURE 2
P l o t  of  lo g  (M olecu lar  Weight)  v e r s u s  e l e c t r o p h o r e t i c
m o b i l i t y  from SDS po ly ac ry lam id e  








1 , 11,111 and IV -
g e l  (PAG) e l e c t r o p h o r e s i s  a t  pH 7
bovine  serum albumin dimer 
bov ine  serum albumin 
c a t a l a s e  
ovalbumin
a l c o h o l  dehydrogenase
chymotrypsin
t r y p s i n























MOBILITY cmvolt hr X 10
- i
47
TABLE IV. POLYACRYLAMIDE GEL ELECTROPHORESIS
The r e f e r e n c e s  a r e  f o r  the  m o le c u la r  w e ig h t s  o f  the  marker 
p r o t e i n s  u9ed in  e s t a b l i s h i n g  a s t a n d a r d  curve  f o r  m o le c u la r  weigh t  
d e t e r m i n a t i o n  o f  the  m o le c u la r  w e ig h t s  o f  the  f o u r  bands  on the  PFK 
g e l .
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POLYACRYLAMIDE GEL ELECTROPHORESIS
PROTEIN MOLECULAR WEIGHT m o b i l i t y  (cm^/V h r ) REFERENCE
TRYPSIN 23,000 ± 1100 0 .31  ± .01 Weber and Osbom (1969)
CHYMOTRYPSINOGEN 25,700 ± 1300 0 .2 8  ± .01 I f  I I  I f  I I
ALCOHOL DEHYDROGENASE 37,000 ± 1800 0 .22  ± .01 Sund (1960)
OVALBUMIN 43,000 ± 2000 0 .21  ± .01 C a s t e l l i n o  and Barker (1968)
CATALASE 60,000 ± 3300 0.15 ± .01 Sund, ejt a l .  (1967)
BOVINE SERUM ALBUMIN 68,000 ± 3400 0 .14  ± .01 Tanford ,  e t  a l .  (1967a)
BOVINE SERUM ALBUMIN DIMER 136,000 ± 9000 0 .05  ± .01 Dunker and Rueckert  (1969)
PHOSPHOFRUCTOKINASE I 140,000 ± 8500 0 .03  ± .01
I I 112,000 ± 6800 0.07  ± .01
I I I 79,000 ± 4200 0.11  ± .01
IV 55,000 ± 2900 0 .17  ± .01
Average o f  a t  l e a s t  3 e x p e r im en ta l  va lues
FIGURE 3
Densitome t r i e  scan  and i n t e g r a t i o n  of a t y p i c a l  SDS 
p o ly a c ry lam id e  g e l  (PAG) o f  PFK. Roman numera ls  I ,  I I ,  I I I  and IV 
r e p r e s e n t  the  PFK bands on the  g e l .  The p e rc e n ta g e s  r e f e r  t o  the  
p e r c e n t  o f  each o f  the  fo u r  forms of PFK. The movement of  bands 
was from cathode  to anode.
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C i r c u l a r  Dichro ism of  PFK
Figure  A shows a t r a c i n g  of a t y p i c a l  CD spec t rum  from a
p o r t i o n  o f  the  p e p t i d e  r e g io n  of  PFK (211 to  230 nm). T h is  dem o n s t ra te s
n o i s e  l e v e l  i n  the  s i g n a l s  and th e  q u a n t i t i e s  from which one o b t a i n s
the  e x p e r im e n t a l  v a l u e s .  F igure  A i s  f u r t h e r  d i s c u s s e d  i n  i t s  l eg en d .
The CD spec t rum  o f  n a t i v e  PFK a t  pH 7 e x h i b i t s  a  p o s i t i v e
peak a t  192 nm w i th  a maximum mean r e s id u e  e l l i p t i c i t y  ( [ 9 ])  of  16,000 
2
deg cm /dmole and two s m a l l e r  n e g a t i v e  peaks a t  205 nm and 218 nm,
2
each hav ing  a maximum [0] o f  -1 3 ,0 0 0  deg cm /dmole (F ig u re  5 ) .  A l l
th r e e  a r e  a r e s u l t  of the  asymmetr ies  i n  the  p e p t i d e  bond. As the  pH
i n c r e a s e s  to  11 the  peak a t  218 nm remains  u n a f f e c t e d  b u t  th e  peak
a t  205 nm shows a s h i f t  t o  207 nm and a change in  [0 ] to  -8000 
2
deg cm /dmole .  The peak a t  192 nm shows no s h i f t  b u t  the  [0 ] changes to  
2
28,000 deg cm /dmole .  Table  V shows a summation of  the  p re v io u s  changes 
and changes i n v o l v i n g  SDS be low.  No f u r t h e r  changes were o bse rved  up 
to  a pH o f  12.
C i r c u l a r  Dichro ism of  PFK i n  SDS
In  th e  p re s e n c e  o f  0.1% SDS (w/v) the  e l l i p t i c i t i e s  f o r  
a l l  t h r e e  t r a n s i t i o n s  rough ly  double  i n  magnitude and the  [0 ] o f  the  
peak a t  218 nm becomes about  20% l e s s  than i t s  n e ig h b o r  a t  205 nm. 
(F igure  6 ) .  The spec t rum  shows no change w i th  pH above 205 nm b u t  
below t h i s  waveleng th  the  p o s i t i v e  peak shows a s h i f t  i n  i t s  p o s i t i v e  
maximum from 189 nm a t  pH 7 to  193 nm a t  pH 11 w i th  a change in  the
FIGURE 4
CD t r a c i n g  of  the  r e c o r d e r  o u tp u t  from a p o r t i o n  o f  the  
p e p t i d e  r e g io n  in  an a c t u a l  spec t rum .  This  shows the  b a s e l i n e  
( spec t rum  of the  b la n k  s o l u t i o n )  and the  e x p e r im e n t a l  s i g n a l  
( spec t rum  of the  s o l u t i o n  c o n t a i n i n g  the  p r o t e i n ) , and d em o n s t ra te s  
the  degree  of n o i s e  ( e r r o r  i n  the  s i g n a l )  w i th  each .  The b a s e l i n e  
i s  s u b t r a c t e d  from the  e x p e r im e n t a l  to  o b t a i n  the  n e t  s i g n a l  from 
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CD o f  PFK (0 .2 0  mg/ml) a t  pH 7, 9 and 11 i n  0 . 1  M 
sodium b o r a t e .
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200 210 220 2^0 
WAVELENGTH nm
TABLE V. SUMMATION OF DATA FROM FIGURES 5,  6 , 7 and 34
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CD OF PFK
PH Xmax [9]max Xmax^ [9]max^ Xmax2 [9]max2
7 191 15,000 205 -13,500 218 -13 ,500
9 190 29,000 206 - 1 1 ,0 0 0 218 -13,500
11 192 27,500 207 -  9,500 218 -11 ,500
CD OF PFK IN SDS
7 189 53,000 207 -26 ,000 220 - 2 1 ,0 0 0
9 190 ^8 ,500 207 -26 ,000 220 - 2 1 ,0 0 0
11 193 24,009 203 -27 ,000 220 - 2 1 ,0 0 0
CD OF PFK IN SDS AFTER DIALYSIS
7 190 60,000 205 -23 ,000 218 - 2 0 ,0 0 0
9 189 18,000 207 " -17 ,000 218 -U.OOO
11 193 18,000 207 -17,000 218 -14,000
CD OF a ,  g and RC
S t r u c t u r e
192 6 6 ,0 0 0 211 -27 ,000 224 -29,000a
0 196 28,500 217 - 1 6 ,000 - ” -
RC 196 -34 ,000 217 5,000 - -  -
FIGURE 6
CD o f  PFK (0 .20  mg/ml) a t  pH 7, 9 and 
sodium b o r a t e  and 0.1% (3.5x10 ^ M) SDS.
i n  0 . 1  M
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[0] trom 53,000 to  24 ,000 deg cm /dmole .  As the  pH i s  lowered a 
s h o u l d e r  deve lops  t o  the  red s i d e  of t h e  p o s i t i v e  t r a n s i t i o n  which ends 
up as a s h o u l d e r  on th e  n e g a t i v e  peak a t  205 nm. No f u r t h e r  changes 
were n o te d  up to  a pH o f  12.
C i r c u l a r  Dichro ism of PFK i n  SDS A f t e r  D i a l y s i s
Once as  much of  the  SDS has  been d i a l y z e d  ou t  as i s  p o s s i b l e  
( F ig u re  7 ) ,  the  pH 7 s p ec t ru m  remains  much as  i t  was w i th  SDS. At pH 9
however the  [6] a t  190 nm drops  from 60 ,000 t o  19,000 w i th  a s l i g h t  b lu e
s h i f t  t o  189 nm. The n e g a t i v e  t r a n s i t i o n s  show no s h i f t  b u t  each  de­
c r e a s e s  by 25% in  [ 9 ] .  One f u r t h e r  change i s  observed  a t  pH 11, namely,
a red  s h i f t  o f  the  p o s i t i v e  maximum to  193 nm.
C i r c u l a r  D ic h ro ic  Changes o f  PFK With Change in  SDS C o n c e n t r a t io n
SDS a t  v a r y in g  c o n c e n t r a t i o n  was found to  change the  [q ] in
2
the  p e p t i d e  re g io n  (215 t o  230 nm) from - 1 5 ,0 0 0  deg cm /dmole a t  ze ro
2 -4SDS to  -1 1 ,3 0 0  deg cm /dmole a t  10 M SDS. The [0 ] r e v e r s e d  i t s  t r e n d
w i th  f u r t h e r  i n c r e a s e d  SDS c o n c e n t r a t i o n  and began to  i n c r e a s e ,  a c t u a l l y
s u r p a s s i n g  the  o r i g i n a l  n a t i v e  [0 ] a t  c o n c e n t r a t i o n s  in  e x ce s s  of 
_ ̂
3x10 M SDS ( F i g u r e  8 ) .  A w ave leng th  of  218 nm was used to  m o n i to r  
t h i s  change as i t  o p t im iz e d  the  s i g n a l  t o  n o i s e  r a t i o  and t h e r e  was 
the  l e a s t  change of [0] w i t h  w ave leng th  i n  the  r e g io n  around t h i s  
w aveleng th  (F ig u re  9 ) .
FIGURE 7
b o r a t e  
SDS as
CD of  PFK (0 .2 0  mg/ml) a t  pH 7, 9 and 11 In  0 .1  M sodium 
The samples  were d i a l y z e d  f o r  48 hours  to  remove as much 
p o s s i b l e  bu t  some SDS remained bound to  the  p r o t e i n .
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P l o t  of changing e l l i p t i c i t y  a t  218 nm of  PFK (0.191 mg/ml) 
in  0 .05 M t r i s  phosphate  pH 8 v e r s u s  i n c r e a s i n g  SDS c o n c e n t r a t i o n .  The 
e l l i p t i c i t y  c o n t in u e s  to r i s e  u n t i l  i t  s u r p a s s e s  the o r i g i n a l  n a t i v e  
e l l i p t i c i t y  a t  3x10 ^ M SDS.
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CD o f  PFK (0 .191  mg/ml) i n  0 .05  M t r i s  phosphate  pH 8
- 4  -3a t  zero  SDS, 1x10 M SDS and 1.8x10 M SDS. This  f i g u r e  i l l u s t r a t e s
t h a t  th e  n o i s e  l e v e l  i s  low (smoothe c u r v e ) ,  the  e l l i p t i c i t y  i s  h ig h
(h igh  s i g n a l  to  n o i s e  r a t i o n )  and t h a t  a t  218 nm the  change in
e l l i p t i c i t y  w i th  w aveleng th  i s  ve ry  s n a i l .
66
.-[0] X 10- _  <,,S cn7dm„l.
O  O l
FIGURE 10
ORD s p e c t r a  o f  PFK (0 .191  mg/ml) i n  0 .05  M t r i s  phospha te
_  e  — A —
pH 8 and 0 .01  M m e rc a p to e th a n o l  a t  1x10 M, 6x10 M, 1x10 M 
- 2
and 1.8x10 M SDS showing the  i n c r e a s i n g  l e v o r o t a t i o n  o f  PFK in  












Change i n  Enzymatic  A c t i v i t y  of  PFK With Change i n  SDS C o n c e n t r a t i o n
Data by Ashour and Younathan (1973) on the  e f f e c t  o f  SDS
c o n c e n t r a t i o n  on PFK a c t i v i t y  c o r r e l a t e d  w i th  the  changes i n  [0 ] o f
PFK as r e p o r t e d  h e r e .  Accord ing to  t h e s e  a u th o r s  5 pM SDS b ro u g h t  abou t
a 30% drop i n  th e  en zy m a t ic  a c t i v i t y  of  PFK. The a c t i v i t y  remained
c o n s t a n t  a t  70% o f  the  u n t r e a t e d  enzyme u n t i l  th e  SDS c o n c e n t r a t i o n
was r a i s e d  to  50 pM. F u r t h e r  i n c r e a s e  i n  th e  d e t e r g e n t  c o n c e n t r a t i o n
r e s u l t e d  i n  a c o r r e sp o n d i n g  d e c r e a s e  i n  en zym at ic  a c t i v i t y  u n t i l  the
l a t t e r  r e ached  z e ro  a t  0 . 1  mM SDS c o n c e n t r a t i o n .  The [0 ] i n  t h i s
range o f  SDS c o n c e n t r a t i o n  shows a n o n - l i n e a r  d e c r e a s e  t o  i t s  minimum 
-Ua t  10 M SDS. ORD s p e c t r a  (F ig u re  10) showed an i n c r e a s e  in  
l e v r o t a t i o n  w i t h  i n c r e a s i n g  SDS c o n c e n t r a t i o n .
C i r c u l a r  Dichroism o f  PFK in  GHC1
The CD o f  PFK in  6 M GHC1 (F igure  11) shows a marked c o n t r a s t  
t o  th e  n a t i v e  s p ec t ru m .  Between 218 and 250 nm the  n a t i v e  spec t rum  
shows an a lm os t  l i n e a r  r i s e  i n  [0] go ing  toward  s h o r t e r  w a v e le n g th s .
The G H C l- t rea ted  PFK sp ec t ru m  shows a peak a t  229 nm w i th  a s h o u l d e r  a t  
235 nm and a t rough  a t  226 nm.
C i r c u l a r  Dichro ism o f  PFK With S u b s t r a t e s  and E f f e c t o r s
F ig u re s  12 th ro u g h  17 show th e  b e h a v io u r  of  th e  o p t i c a l  
spec t rum  of  PFK a p o r t i o n  o f  th e  p e p t i d e  r e g io n  (215 t o  230 nm) w i th  
r e a p e c t  t o  s e v e r a l  s u b s t r a t e s  and e f f e c t o r s ,  w i t h  and w i t h o u t  magnesium
FIGURE 11
n e u t r a l
CD o f  PFK (1 .05  mg/ml) i n  7 M guanid in ium c h l o r i d e  a t  
compared w i th  PFK (0 .20  mg/ml) i n  0 . 1  M b o r a t e  pH 7.
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CD of  PFK (0 .053 mg/ml) w i th  no s u b s t r a t e s  o r  e f f e c t o r s
+*4~p r e s e n t  i n  0 .05  M t r i s  phosphate  pH 8 w i th  and w i t h o u t  2 mM Mg 
S p e c t r a  were begun a t  10° C and con t in u ed  a t  h i g h e r  t e m p e ra tu re s  
u n t i l  the  p r o t e i n  b e g in s  to  p r e c i p i t a t e .  The number above each curve 
i s  the  t e m p e ra tu re  i n  °C.
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CD OF PFK WITHOUT LIGANDS
2 .0  mM Mg
1 5 -QD
215 2 2 0 225 230
zero  Mg
1 0 -
215 2 2 0 225 230
WAVELENGTH nm
FIGURE 13
CD o f  PFK (0 .053 mg/ml) w i th  1 mM F6-P in  0 .05  M t r i s
| f
phospha te  pH 8.  The 2 mM Mg had no e f f e c t .  S p e c t r a  were begun a t  
10° C and c o n t in u e d  a t  h i g h e r  t e m p e ra tu re s  u n t i l  the  p r o t e i n  began to  
p r e c i p i t a t e .  The number above each curve  i s  the  t e m p e ra tu re  in  °C. 
The s p e c t r a  b o th  w i th  and w i th o u t  Mg a re  i d e n t i c a l .
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CD OF PFK WITH F 6-P
o  ®  o
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1 .0  mM F6-P
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CD of  PFK (0 .053  mg/ml) w i th  1 mM FDP in  0 .05  M t r i s  
phosphate  pH 8 w i th  and w i th o u t  2 mM Mg . S p e c t r a  were begun a t  
10° C and con t in u ed  a t  h i g h e r  t e m p e ra tu re s  u n t i l  the  p r o t e i n  b e g in s  
to  p r e c i p i t a t e .  The number above each curve i s  the t e m p e ra tu re  in  ° C.
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CD OF PFK WITH FDP
1.0  mM FDP
zero Mg
CD
2 2 0215 225 230
1.0  mM FDP






CD of  PFK (0 .053  mg/ml) 1 mM ATP in  0 .05  M t r i s
-f-
phosphate  pH 8 w i th  and w i t h o u t  2 mM Mg . S p e c t r a  were begun 
a t  10° C and co n t in u e d  a t  h i g h e r  t e m p e ra tu re s  u n t i l  the  p r o t e i n  
began to  p r e c i p i t a t e .  The number above each curve i s  the  t em pe ra tu re  
in  °C.
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215 220 225 2 30
WAVELENGTH nm
FIGURE 16
CD of  PFK (0 .053 mg/ml) 1 mM UTP in  0 .05  M t r i s  phospha te
| }
pH 8 w i th  and w i th o u t  2 mM Mg . S p e c t r a  were begun a t  10° C and 
co n t in u e d  a t  h i g h e r  t e m p e ra tu re s  u n t i l  the  p r o t e i n  p r e c i p i t a t e d .  The 
number above each curve i s  the  t e m p e ra tu re  in  °C.
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CD OF PFK WITH UTP
1*0 mM UTP 1.0 mM UTP
zero Mg
1 0 -
2015- 1 5 -
215 220 225 230
WAVELENGTH
215 220 225 230
nm
FIGURE 17
CD of PFK (0 .053  mg/ml) 1 mM AMP in  0 .0 5  mM t r i s
j- j
p h o sp h a te  pH 8 w i th  and w i th o u t  2 mM Mg . S p e c t r a  were begun a t  
10° C and c o n t in u e d  a t  h ig h e r  te m p e ra tu re s  u n t i l  the  p r o t e i n  began 
to  p r e c i p i t a t e .  The number above each  curve i s  th e  te m p e ra tu re  in  
°C.
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CD OF PFK WITH AMP










io n ,  as a fu n c t io n  o f t e m p e ra tu re .  In fo rm a t io n  was tak en  from th e se
s p e c t r a  a t  10° and 40° C and summarized in  T ab les  VI and V II .
The f i r s t  change we o bserve  w i th  r e s p e c t  to  te m p e ra tu re  i s
t h a t  [ 6 ] 2 d e c re a se s  w i th  i n c r e a s i n g  te m p e ra tu re  in  a l l  c a s e s .  PFK
alone  and w ith  FDP appeared  to  be e q u a l ly  h e a t  s t a b l e  as shown by
h ig h e r  p r o t e i n  a g g re g a t io n  te m p e ra tu re s .  The enzyme in  th e  two p re v io u s
cases  was more h e a t  s t a b l e  than  a l l  o th e r  com bina tions  o f  o rg a n ic  l ig a n d s
( s u b s t r a t e s  and e f f e c t o r s )  and magnesium io n .  Magnesium ion  appeared  to
d e s t a b i l i z e  th e  enzyme toward h e a t ,  as ev id en ced  by i t s  a g g re g a t io n  in
absence of l ig a n d  a t  40° C. In  the  p re sen c e  of l ig a n d ,  e x c e p t in g  FDP
a lo n e ,  th e re  appeared  to  be no e f f e c t  o f  magnesium io n .  At 10° and
40° C, F6-P t r e a t e d  o r  FDP t r e a t e d  PFK had a p p ro x im a te ly  th e  same f©] 2 1 8
w ith o u t  magnesium io n .  In  the  p re sen c e  o f  magnesium io n  th e  [©] Q o fZ1 O
2
th e  F6-P  t r e a t e d  PFK was 700 and 500 deg cm /dmole h ig h e r  than  th e  FDP
t r e a t e d  PFK a t  10 and 40° C r e s p e c t i v e l y .  The [G] 010  was g r e a t e r
Z l o
f o r  F6 -P t r e a t e d  PFK than  f o r  FDP t r e a t e d  PFK in  a l l  c a s e s .
C i r c u l a r  D ichroism  of Poly(C) With PFK
Poly(C) showed a CD t r a n s i t i o n  c e n te re d  a t  276 nm w i th  a 
£©]275 53 ,000 a t  10° C (F ig u re  18 ; T ab le  V I I I ) .  I n c r e a s in g  temper­
a tu r e  had b ro u g h t  abou t a  d e c re a se  in  th e  [©]2 7 ^ a t  th e  r a t e  o f  3000- 
2
5000 deg cm /dmole p e r  10° tem p e ra tu re  i n t e r v a l  w i th  a g ra d u a l  s h i f t  
in  th e  Amax from 276 nm to  278 nm. The a d d i t i o n  o f  0 .0 5 3  mg o f  PFK to  
0 .0 4 4  mg o f po ly (C ) had th e  i n i t i a l  e f f e c t  o f  lo w erin g  th e  a t
TABLE VI. COMPILATION OF DATA FROM FIGURES 12-17 AT 10° C
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[ 0 1218 OF PFK at 1 0 ° c
WITHOUT Mg++
Ligand




A ggregation  Temp. 
°C
UTP 16,000 217 50
NONE 15,600 218 60
P6-P 15,000 217 50
FDP 14,800 218 60
AMP 14,800 218 50
ATP 14,800 218 50
WITH MyH-
AMP 15,700 216 50
ATP 15,600 218 50
NONE 15,300 217 r 40
UTP 15,300 218 50
P6-P 15,000 217 50
PDF 14,300 217 50
TABLE V II .  COMPILATION OF DATA FROM FIGURES 12-17 AT 40° C
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[9 ] 2 1 8  OF PFK AT 4 0 ° C
WITHOUT Mg++
Ligand




A ggregation Temp. 
°C
HONE 14,400 218 60
AMP 14,200 217 50
K - P 13,700 218 50
" T O 13,600 219 60
ATP I T ,  ZOO" ' 219 50
UTP 1 0 ,2 0 0 219 50
WITH MjpH-
AMP 14,400 218 50
ATP 14,200 219 50
F6-P 13 ,700 218 50
T O 13,200 217 50
UTP 13 ,200 219 50
None a g g re g a t io n — "40 ' " ~
FIGURE 18
CD of poly(C ) (0 .044  mg/ml) In  0 .05  M t r l s  ph o sp h a te  
pH 8 , 2 mM Mg w ith  and w i th o u t  0 .053  mg/ml of PFK. S p e c t r a  were 
begun a t  10° C and c o n t in u e d  u n t i l  70° C. The number above each 
curve i s  the  te m p e ra tu re  in  °C.
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EFFECT OF PFK ON poly(C)













p o lv (c )
p o ly  (C) + PFK
WAVELENGTH
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TABLE V I I I .  COMPILATION OF DATA FROM FIGURE 18
The w eigh t to  w e igh t r a t i o  o f  PFK to  po ly(C ) when mixed 
to g e th e r  was 1 . 2 .
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CIRCULAR DICHROISH OF poly(C) WITH PFK
Temperature
°C
poly(C) poly(C )+  PFK
Xmax
nm








10 276 53,000 276 47,000
20 276 53,000 277 44,000
30 276 49,000 277 41,000
40 276 46,000 277 37,000
50 277 43,000 278 32,000
60 277 39,000 279 27,000
70 278 32,500 279 2 2 ,0 0 0
94
2
10° C to  47 ,000 deg cm /dm ole . Subsequen tly  the  [0],,-,£ d e c rea se d  3000-L I b
2
5000 deg cm /dmole a t  in c r e a s in g  1 0 ° tem p e ra tu re  i n t e r v a l s  w ith  a g rad ­
u a l  s h i f t  o f  Xmax from 276 nm to  279 nm.
C i r c u la r  D ichro ism  of PFK in  the  A rom atic  Region
F ig u re  19 shows a t r a c i n g  of a t y p i c a l  CD spec trum  from th e  
a ro m a tic  re g io n  o f  PFK (240 nm to  300 nm). This  d e m o n s tra te s  th e  n o is e  
l e v e l  in  th e  s i g n a l s  and th e  q u a n t i t i e s  from which one o b ta in s  th e  
e x p e r im e n ta l  v a lu e s .  F ig u re  19 i s  f u r t h e r  d is c u s s e d  in  i t s  leg en d .
The CD o f  the  a ro m a tic  amino a c id  s id e  ch a in s  in  PFK i s  a
60very  weak n e g a t iv e  t r a n s i t i o n .  The [0 ] 2 7 1 ^ max) i® on ly  about -  
2
deg cm /dm ole. Th is  v a lu e  i s  p e r  mole o f  each amino a c id  r e s id u e .
The va lu e  p e r  mole o f  a ro m a tic  r e s id u e  i s  [0 ] .  . .  = -700AromAAres
2
deg cm /dm ole . The l a t t e r  f ig u r e  i s  based  on a t o t a l  o f  86 a ro m a tic
r e s id u e s  o f  which 22 a re  h i s t i d i n e  (mre s  “ 137), 13 a re  try p to p h an
(m ■ 186 ), 32 a re  p h e n y la la n in e  (m ■ 147) and 19 a re  t y r o s in e  re s  r©s
(in -  163). re s
The sp ec tru m  has  a f in e  s t r u c t u r e  t h a t  i s  r e s p o n s iv e  to  change 
in  pH (F ig u re  2 0 ) .  For example a t  pH 7 th e re  i s  a sm a ll  s h o u ld e r  a t  
295 nm, peaks a t  287 nm, 280 nm, 270 nm and a trough  a t  254 nm. At 
pH 9 the  sh o u ld e r  a t  295 nm d e c r e a s e s ,  the  peak a t  287 nm d e c re a se s  
s l i g h t l y ,  the  peak  a t  280 nm f l a t e n s ,  the  peak a t  270 nm s h i f t s  to  
268 nm and th e  trough  a t  254 nm s h a l lo w s .  At pH 11 th e  peak a t  287 nm 
d im in ish e s  f u r t h e r ,  th e  peak now a t  268 nm d e c r e a s e s ,  a new peak s t a r t s
FIGURE 19
CD t r a c i n g  from the  r e c o rd in g  p ap e r  of the  a ro m a tic  
re g io n  in  an a c t u a l  spec trum . This  shows th e  b a s e l i n e  (spectrum  
o f the  b lan k )  and th e  e x p e r im e n ta l  s i g n a l  (spec trum  w ith  p r o t e i n )  and 
the degree  o f  n o i s e  a s s o c i a t e d  w i th  e ach .  The b a s e l i n e  i s  s u b t r a c t e d  
from th e  e x p e r im e n ta l  to  o b ta in  the  n e t  s i g n a l  from which the  
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FIGURE 20
CD o f PFK (1 .0 7 8  mg/ml) a t  pH 7, 9 ,  11 and 12 in  0 .1  M 
b o r a te  and 5 mM Mg . The l e f t  hand v e r t i c a l  a x is  i s  c a l i b r a t e d  in  
mean r e s id u e  e l l i p t i c i t y .  The r i g h t  hand v e r t i c a l  a x i s  i s  c a l i b r a t e d  
in  mean a ro m a t ic  r e s id u e  e l l i p t i c i t y .  Th is  v a lu e  i s  p a r t i c u l a r l y  
u s e f u l  as th e  e n t i r e  s i g n a l  in  t h i s  re g io n  a r i s e s  from th e  a ro m a tic  
amino a c id  s id e  c h a in s .
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to  form a t  260 nm, and the  t ro u g h  a t  254 nm sh a llo w s  even f u r t h e r .  A
very  d ra m a tic  change occu rs  a t  pH 12 as the  whole t r a n s i t i o n  now
becomes p o s i t i v e .  We se e  a sm all  s h o u ld e r  from 270 to  300 nm and a
2
p o s i t i v e  peak ( [0 ] a t  Xmax i s  70 deg cm /dm ole, [0] =AArcs AromAAres
2
800 deg cm /dm ole) forms a t  251 nm.
C i r c u l a r  D ichro ism  o f  PFK w i th  S u b s t r a t e s ,  E f f e c to r s  and D en a tu ran ts
Many l ig a n d s  and d e n a t u r a n t s ,  as n o te d  in  th e  e x p e r im e n ta l  
s e c t i o n ,  were examined w i th  PFK to  o b serv e  t h e i r  e f f e c t  on the  a ro m a tic  
sp ec tru m . Only F6 - P ,  2 , 5 -a n h y d ro -D - m a n n i to l - l -P , SDS, GHC1, and 
CCNO^)^ changed th e  sp ec tru m  o u ts id e  th e  l i m i t s  o f  n o i s e .  F ig u re  21 
shows how a l th o u g h  F6-P and 2 , 5 -a n h y d ro -D -m a n n ito l- l -P  a re  b e l i e v e d  
to  b in d  s i m i l a r l y ,  t h e i r  e f f e c t s  on th e  spec trum  a re  d i f f e r e n t .  As 
compared w ith  th e  n a t i v e  sp ec tru m , F6 -P in c r e a s e s  th e  o v e r a l l  [0] 
w h ile  th e  l a t t e r  d e c re a se s  i t .
The e f f e c t  of 0.1% SDS (w/v) (F ig u re  22) on th e  spec trum  
was to  co m p le te ly  n u l l i f y  th e  a ro m a tic  t r a n s i t i o n .  S ix  M GHC1 n u l l i f i e s  
a l l  b u t  a s m a l l  hump a t  278 nm and th e  spec trum  rem ains th e  same a t  7.2 
M GHC1. T e tra n i t ro m e th a n e  r e a c t s  s p e c i f i c a l l y  w ith  t y r o s i n e  r e s id u e s  
under th e s e  c o n d i t io n s  (Sokolovsky ejt a l . , 1966) (Sokolovsky et^ a l . ,
1970) (C u a tre c a sa s  £ t  ja l .  , 1968) (R iordan  et^ a l .  , 1967) ( C h r is te n  e_t aL ,
1971) and i t  i s  i n t e r e s t i n g  to  w atch the  d im in is h in g  of th e  sp ec tru m  
as th e  r e a c t i o n  p r o c e e d s .
FIGURE 21
CD s p e c t r a  o f  PFK (1 .0 7 8  mg/ml) in  0 .05  M t r i s  p hospha te  
| |
pH 8 and 5 mM Mg . This p ro v id e d  the  n a t iv e  curve ( s o l i d  l i n e )  in  
bo th  A and B. The same s o l u t i o n  w i th  5 mM F6-P  produced th e  dashed 
curve  in  A. The same s o l u t i o n  w i th  5 mM 2 , 5 -a n h y d ro -D -m a n n i to l - l -P  
gave th e  dashed curve i n  B.
100





2 , 5 -an h y d ro -D -m an n ito l- l-P
CD
N ative





CD of PFK (1 .0 7 8  mg/ml) in  0 .0 5  M t r i s  phosphate  
| ■{
pH 8 and 5 mM Mg . This b a s i c  s o l u t i o n  p ro v id e d  the  n a t i v e  curve
( s o l i d  l i n e )  in  b o th  A and B. The b a s i c  s o l u t i o n  w ith  0 .0 1  M
-3
m e rc a p to e th a n o l  and 0.1% (3 .5x10  M) SDS gave th e  dashed l i n e  in  A. 
The b a s i c  s o l u t i o n  w i th  6 M GHC1 and 0 .0 1  M m e rc a p to e th a n o l  gave the  
d o t t e d  l i n e  i n  A. One y l  of t e t r a n i t r o m e th a n e  was added to  0 .4  
ml of the  b a s i c  s o l u t i o n  and s p e c t r a  were run  a t  4 m inutes  r e a c t io n  
time (dashed  l i n e )  i n  B and 12 m inu tes  ( d o t t e d  l i n e )  in  B.
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E q u i l ib r iu m  D ia ly s i s  o f  PFK and Poly-a-A m ino Acids
E q u i l ib r iu m  d i a l y s i s  o f  PFK (T abl?  IX) in  0 .05  M i_ris
p h o s p h a te ,  pH 8 and 0.1% SDS, showed b in d in g  r a t i o s  o f  S D S /p ro te in
in  th e  amount o f  1 .2  a t  10° and 1 .4  a t  25° C. A ll  b in d in g  r a t i o s  a re
w eigh t to  w e ig h t  u n le s s  o th e rw is e  s p e c i f i e d .  P o ly (H eg ) ,  poly(H pg) and
poly(Dheg) in  0 .05  M t r i s  p h o s p h a te ,  pH 8 and 0.1% SDS d id  n o t  b in d
SDS a t  10* C b u t  gave n e g a t iv e  b in d in g  f i g u r e s .  At 25° C poly(H eg)
bound SDS a t  a r a t i o  o f  0 .0 3  and p o ly (H p g ) ,  poly(D heg) and poly(4Hyp)
in  th e  same b u f f e r  a t  pH 7 bound a t  a 0 .1  r a t i o .  P o ly ( T y r ) ,  in  0 .05
M NaHCOj, pH 1 1 .8  and 0.1% SDS, p o ly (P ro )  in  0 .0 5  M t r i s  p h o s p h a te ,
98 5 1 5pH 7 and 0.1% SDS, and poly(D heg ’ Bglu ) ,  in  the  same b u f f e r ,  gave 
n e g a t iv e  b in d in g  f i g u r e s .  P o ly ( O m ) ,  p o ly ( P h e ^ L y s " ^ )  and p o ly (L y s)  
bo th  in  w a te r  and n e u t r a l  t r i s  p h o sp h a te  bound SDS so w e l l  as to  
p r e c i p i t a t e  from s o l u t i o n ,  th u s  making b in d in g  d e te r m in a t io n s  by 
e q u i l i b r iu m  d i a l y s i s  Im p o s s ib le .
C i r c u l a r  D ichroism  o f Poly-a-A m ino Acids in  SDS
The re sp o n se  o f  the  CD sp ec tru m  o f  th e  p o s i t i v e l y  charged
polym ers to  a d d i t i o n  o f  SDS was q u i t e  d ra m a t ic  (F ig u re s  23 , 24 and 2 5 ) .
In the  case  o f  p o ly (L y s)  th e  two t r a n s i t i o n s  o b se rv ed  w i th o u t  SDS were
2
a weak, p o s i t i v e  one ( [0 ]  ■ 2500 deg cm /dm ole) a t  217 nm and a s t r o n g
2
n e g a t iv e  one ( [0 ]  ■ -2 7 ,5 0 0  deg cm /dm ole) a t  193 nm. When one ml 
volumes o f  polym er s o l u t i o n  were t i t r a t e d  w i th  10 ymole amounts o f  SDS
TABLE IX. SUMMATION OF DATA FROM EQUILIBRIUM DIALYSIS
The s o l u t i o n s  f o r  e q u i l ib r iu m  d i a l y s i s  on the  p r o t e i n  and 
the  po ly  amino a c id s  in  th e  t a b l e  a re  as fo l lo w s :
(1) PFK 1 .98  mg/ml in  0 .05  M t r i s  p h o sp h a te ,  pH 7, 0.1% SDS
(2) poly(H eg) 5 .06  mg/ml in  0 .05  M t r i s  p h o sp h a te ,  pH 8 ,
0.1% SDS
(3) poly(H pg) 3 .97  mg/ml in  0 .05  M t r i s  p h o sp h a te ,  pH 8 , 
0.1% SDS
(4) poly(D heg) 2 .42  mg/ml in  0 .05  M t r i s  p h o s p h a te ,  pH 8 , 
0.1% SDS
(5) po ly (4H pr) 2 .4 7  rag/ml in  0 .05  M t r i s  p h o sp h a te ,  pH 7, 
0.1% SDS
(6 ) p o ly (T y r )  2 .95  mg/ml in  0 .05  M NaHC0_, pH 1 1 .8 ,
0.1% SDS
(7) p o ly (P ro )  5 .00  mg/ml in  0 .05  M t r i s  p h o sp h a te ,  pH 7,
0.1% SDS
9 8 5 1 5
( 8 ) poly(D heg ' Bglu ‘ ) 4 .52  mg/ml in  0 .05  M t r i s
p h o s p h a te ,  pH 7, 0.1% SDS
P o ly ( O m ) ,  p o ly (L y s)  and p o l y ( P h e ^ L y s ^ )  p r e c i p i t a t e d  ou t 
in  th e  fo l lo w in g  s o lv e n t s  in  th e  p re sen c e  of 0.1% SDS:
( 1 ) w a te r
(2) 0 .05  M NaHC03 , pH 7
(3) 0 .0 5  M t r i s  p h o s p h a te ,  pH 7
The amounts o f  polym er p r e s e n t  and SDS bound a re  the  amounts
in  the  a ssay  sam ple.
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D ia ly s i s  t  
(h rs )
Polymer Mres 10°C 25°C 10 *C 25°C 10°C 25°C 10°C 25°C 10°C 25°C
PFK 110 0.067 0.049 0.083 0.071 1.23 1.43 0 .47 0 .54 52 47
poly(Heg) 172 0.126 0 . 1 0 1 -0 .0 0 4 0 .003 -0 .0 3 0 .03 - 0 . 0 2 0 . 0 2 52 47
poly(Hpg) 186 0.099 0 .118 -0 .0 0 3 0 . 0 1 1 -0 .0 4 0 . 1 0 - 0 .0 3 0 .06 52 47
poly(Dheg) 216 0 .048 0.060 -0 .0 0 8 0 .008 -0 .17 0 .13 -0 .1 3 0 . 1 0 52 48
poly(4H pr) 117 - 0.061 - 0.006 - 0 . 1 0 — 0.04 _ 48
p o ly (T y r) 147 - 0.166 - -0 .0 0 8 - -0 .0 5 - -0 .0 3 — 90
p o ly (P ro ) 100 - 0.125 - -0 .0 0 7 - -0 .0 6 — - 0 . 0 2 - 90
98*5 1 * 5  
poly(Dheg Bglu ) 216 - 0.113 - - 0 . 0 0 1 - - 0 . 0 1 _ - 0 . 0 0 _ 108
poly(O rn) 114 - a0.324 H? al - ppt - - - - - -
5 0  5 0  
poly(Phe Lys ) 138 - a0 .112  28 ml p p t - - - - - -
po ly(L ys) 128 - a0 . 1 1 1  28 
ml
- p p t - - - -
a C o n cen tra t io n  used to  make s o lu t i o n  f o r  b in d in g  experim ent
FIGURE 23
CD s p e c t r a  of the  p e p t id e  r e g io n  o f  p o ly (L y s)  in  0 .05  M 
NaHCO^, pH 7 a t  25° C (0 .0 7 3  mg/ml o r  5 .67x10 ^ mean r e s id u e  m o la r i ty )  
a t  i n c r e a s in g  SDS c o n c e n t r a t i o n s .  P r e c i p i t a t i o n  o f  th e  polym er a t  
8x10 M SDS p re v e n te d  f u r t h e r  r e l i a b l e  s p e c t r a .
[SDS]
m oles/L  moles SDS /m oles wt SDS/wt Polymer
0 = Zero SDS
1 = lx lO - 5
2 = 2x l 0_5
3 = 3x10" 5
4 -  4 x l0 _5
















0 ■ Zero SDS
1 -  lx lO " 5 M SDS
1 5 -
2x10 M SDS
- 5CD 3x10 M SDS2 0 - 54x10 M SDS
5 = 6 x l O - 5  M SDS
25 “
30





CD s p e c t r a  o f  the  p e p t id e  re g io n  o f  p o ly (O rn )  in  0 .05  M 
NaHCO^, pH 7 a t  25° C (0 .073  mg/ml o r  5 .4x10 ^ mean r e s id u e  m o la r i ty )  
a t  i n c r e a s i n g  SDS c o n c e n t r a t i o n s .  P r e c i p i t a t i o n  o f  th e  polym er a t  
6 .6x10 ^ M SDS p re v e n te d  f u r t h e r  r e l i a b l e  s p e c t r a .
[SDS]
m oles/L moles SDS/moles NH^ wt SDS/wt Polymer
0 « Zero SDS
1 = 7 .5 x l0 "6 0 .014 0 .035
2 = 1 . 5 x l0 ~5 0 .028 0 .070
*3 = 3 .8 x l0 "5 0 .070 0 .177
*4 = 5 .2 x l0 "5 0 .096 0 .243
* I n c r e a s in g  t u r b i d i t y
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0 = Zero SDS
1 = 7 . 5xl0 - 6 M SDS
2 = 1 . 5xlO~ 5 M SDS
*3 = 3 .8 x in - 5 M SDS










CD sp e c g ra  o f  the  a ro m a tic  and p e p t id e  re g io n s  o f  
p o ly (P h e 5°Lys5° )  in  0 .05  M NaHC03> pH 7 a t  25° C (0 .8 2 8  mg/ml o r
-3
6x10 mean r e s id u e  m o la r i ty )  a t  i n c r e a s i n g  SDS c o n c e n t r a t i o n s .
-3
P r e c i p i t a t i o n  o f  th e  polymer a t  3 .0x10 M SDS p re v e n te d  f u r t h e r  
r e l i a b l e  s p e c t r a .
[SDS]
m oles/L  moles SDS/moles wt SDS/wt Polymer
0 Zero SDS 
-4 0 .278* 1 * 8x 10 0 .266
* 2 * 1x 10“ 3 0 .333 0 .347
*3 = 1 . 6x 10“ 3 0 .533 0 .556
* 4 m 2 . 5x l0 “ 3 0 .833 0 .869
* I n c r e a s in g  t u r b i d i t y  w i th  i n c r e a s e  i n  SDS
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8 x l0 ~ 4 M SDS
l x l C f 3 M SDS 
-3
1.6x10 M SDS 
2 .5x10“ 3 M SDS




th e  n e g a t iv e  peak a t  193 nm g r a d u a l ly  became p o s i t i v e  ([©] •  8500 
2
deg cm /dmole) and th e  p o s i t i v e  peak a t  217 nm became n e g a t iv e  ([©] *
5000) w i th  a s l i g h t  s h i f t  in  Xmax to  215 nm. A l l  t h i s  o c c u r re d  w ith
no more than  a f i n a l  c o n c e n t r a t io n  of 6x10 ^ M SDS. With a d d i t i o n  of
a n o th e r  10 pmoles o f  SDS the  polym er p r e c i p i t a t e d  ou t o f  s o l u t i o n .  The
maximum e x te n t  of b in d in g  o f SDS to  p o ly (L y s)  f o r  the  polymer to
rem ain s o lu b l e  was a p p ro x im a te ly  one m olecu le  o f  SDS f o r  ev e ry  te n
amino groups on the  polymer o r  0 .238  g o f  SDS/g of p o ly (L y s ) .
The CD spec trum  of p o ly (O rn )  i n i t i a l l y  e x h ib i t e d  a s t r o n g ,
2
n e g a t iv e  peak ( [ 0 ] = -1 9 ,0 0 0  deg cm /dmole) a t  194 nm and a weak, p o s i -
2
t i v e  peak ( [0 ]  = 3500 deg cm /dmole) a t  213 nm. With th e  a d d i t i o n  of 
10 mole amounts o f  SDS th e  n e g a t iv e  peak g r a d u a l ly  s h i f t e d  i t s  Xmax 
to  below 190 nm ( i n a c c e s s i b l e  because  o f  low s i g n a l  s t r e n g t h )  and 
changed to  a p o s i t i v e  v a lu e .  The p o s i t i v e  peak on th e  o th e r  hand be­
came a s e r i e s  o f  weak, n e g a t iv e  peaks ( [ 0 ] ■ -4 5 0 0 , -4000 and -3800
2 -5deg cm /dmole) a t  204, 219 and 226 nm r e s p e c t i v e l y .  Above 5 .2x10 M
SDS th e  polym er p r e c i p i t a t e d  o u t  o f  s o l u t i o n .  The maximum b in d in g
r a t i o  w i th  th e  polym er s t i l l  in  s o l u t i o n  was one m olecule  o f  SDS f o r
e v e ry  te n  amino groups on th e  polymer o r  0 .243  g o f  SDS/g o f  p o ly (O rn ) .
The CD o f  po ly(P he^L ys"*^) i n i t i a l l y  shows a weak, n e g a t iv e  
2
peak ( [0 ]  “ -1000 deg cm /dmole) a t  232 nm and would ap p ea r  to  go to  
a p o s i t i v e  peak below 220 nm due t o  th e  shape of th e  c u rv e .  The 
spec trum  below 220  nm was i n a c c e s s i b l e  due to  low s i g n a l  s t r e n g t h .
Also a ve ry  weak, p o s i t i v e  peak  ( [0 ]  ■ 400) i s  e v id e n t  a t  249 nm.
114
With t i t r a t i o n  by SDS the  n e g a t iv e  peak g e ts  much s t r o n g e r ,  the
n e g a t iv e  Xmax s h i f t s  toward th e  b lu e  and the  sm a l l  p o s i t i v e  peak
d i s a p p e a r s .  This  t r a n s i t i o n  ta k e s  e f f e c t  g ra d u a l ly  w ith  a d d i t i o n  o f
- 3
SDS and was t e rm in a te d  a t  2 .5x10 M SDS. The polymer p r e c i p i t a t e s  w ith  
f u r t h e r  a d d i t i o n  of SDS. The maximum b in d in g  r a t i o  o f  SDS to  the  p o ly ­
mer i s  e i g h t  m o lecu les  o f  SDS to  each 10 amino groups on th e  polymer 
o r  0 .87  g SDS/g o f  p o l y ( P h e ^ L y s ^ ) .
The spec trum  of the  p e p t id e  re g io n  o f  p o ly (T y r)  (F ig u re  26)
2
shows a s t r o n g  p o s i t i v e  peak ( [0 ]  ■ 41,000 deg cm /dmole) a t  195 nm,
2
a weak n e g a t iv e  peak ( [0 ]  * -5000 deg cm /dmole) a t  231 nm, and a
2
s m a l l  s h o u ld e r  ( [0 ]  -  -3000 deg cm /dmole) to  th e  b lu e  s i d e  o f  th e
- 3
n e g a t iv e  peak  a t  about 222 nm. A d d it io n  o f  SDS up to  5x10 M had no
e f f e c t  on th e  sp ec tru m . The a ro m a tic  re g io n  o f  p o ly (T y r)  (F ig u re  27)
2
shows a double  p o s i t i v e  p ead , [0] ■ 720 and [6 ] ■ 650 deg cm /dm ole ,
a t  245 and 273 nm r e s p e c t i v e l y .  This  p a t t e r n  e x i s t s  from z e ro  SDS to  
_2
10 M SDS and above t h i s  c o n c e n t r a t io n  th e  r e s p e c t iv e  peaks i n c r e a s e
2
to  [0] -  810 and [0] ■ 770 deg cm /dm ole .
98 5 1 5The CD o f  poly(Dheg ’ Bglu * ) (F ig u re  28 and 29) shows
2
a s t r o n g ,  n e g a t iv e  peak ( [0 ]  = -1 8 ,0 0 0  deg cm /dmole) a t  192 nm,
2a weak, p o s i t i v e  peak ( [0 ]  * 3000 deg cm /dmole) a t  244 nm and a
2
w eaker , n e g a t iv e  peak in  the  a ro m a tic  re g io n  ( [ 0 ] = -600 deg cm /dmole)
a t  261 nm. A d d it io n  o f  SDS had no e f f e c t  on th e  p e p t id e  CD up to
-3  -23.8x10 M SDS and no e f f e c t  on the  a ro m a tic  CD up to  2 .5x10 M SDS.
The CD spec trum  of p o ly (P ro )  (F ig u re  30) shews a s t r o n g ,
FIGURE 26
CD o f the  p e p t id e  re g io n  o f p o ly (T y r)  in  0 .05  M NaHCO^
- 3
pH 1 1 .8 ,  from zero  to  5x10 M SDS. No change in  the  spec trum  was
observed  th ro u g h o u t t h i s  SDS c o n c e n t r a t io n  ra n g e .  The c r i t i c a l
-3
m ic e l l  c o n c e n t r a t io n  i s  ap p ro x im a te ly  8x10 M SDS.
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CD OF PEPTIDE REGION OF poly(Tyr)
4 5 *
Zero to  5x10 M SDS 
NO EFFECT
200 210







CD of the  a ro m a tic  re g io n  of p o ly (T y r)  in  0 .05  M NaHCO^
pH 1 1 .8 ,  a t  two SDS c o n c e n t r a t io n  r a n g e s .  Curve one i s  from ze ro
-2  -2  -2  to  1x10 M SDS. Curve two i s  from 2x10 to  4x10 M SDS. The
-3









AROMATIC CD OF poly(Tyr)
WAVELENGTH n m
FIGURE 28
98 5 1 5CD of the  p e p t id e  re g io n  o f poly(Dheg * Bglu * ) in
-3
0 .0 5  M t r i s  phosphate  pH 7, from zero  to  3.8x10 M SDS. No change
in  th e  sp ec tru m  was observed  th ro u g h o u t  t h i s  SDS c o n c e n t r a t io n  ra n g e .
-3
The c r i t i c a l  m ic e l l  c o n c e n t r a t io n  i s  8x10 M SDS.
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Zero to  3.8x10 M SDS 
NO EFFECT




98 5 1 5CD of th e  a ro m a tic  re g io n  o f poly(Dheg * Bglu ' ) in
-2
0 .05  M t r i s  p hosphate  pH 7 , from zero  t o  7.5x10 M SDS. No change
in  the  spec trum  was observed  th ro u g h o u t t h i s  SDS c o n c e n t r a t io n  range .
-3
The c r i t i c a l  m ic e l l  c o n c e n t r a t io n  i s  8x10 M SDS.
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AROMATIC CD OF poly(Dhe^Bglu *)








CD of p e p t id e  re g io n  o f  p o ly (P ro )  in  0 .05  M t r i s
-2p h o sp h a te  pH 7, from ze ro  to  1x10 M SDS. No change in  the  
spec trum  was observed  th ro u g h o u t  t h i s  SDS c o n c e n t r a t io n  ra n g e .
-3
c r i t i c a l  m ic e l l  c o n c e n t r a t i o n  i s  8x10 M SDS.
The
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CD OF PEPTIDE REGION OF poly (Pro)









n e g a t iv e  peak  ( [0 ]  -  -3 9 ,0 0 0  deg cm /dm ole) a t  203 nra and a weak,
2
p o s i t i v e  peak  ( [0 ]  = 2500 deg cm /dm ole) a t  225 nm. SDS had no e f f e c t  
up to  10” 2 M SDS.
V is c o s i ty  o f  PFK
The i n t r i n s i c  v i s c o s i t y  ( [ n ] )  (F ig u re s  31 and 32) and th e
Huggins c o n s ta n t s  (k) o f  n a t i v e  PFK, and PFK in  v a r io u s  c o n c e n t r a t io n s
a re  l i s t e d  in  Table  X a t  10° and 25° C. At 10* C th e  [n] i n c r e a s e s
-4s l i g h t l y  w i th  i n c r e a s i n g  SDS, w i th  th e  v a lu e  a t  6 .5x10  M SDS b e in g  
s i g n i f i c a n t l y  h ig h e r  than  th e  o t h e r s .  The Huggins c o n s ta n t s  v a r i e d  
between - l . A  and - 2 . 8  w i th  no d i s c e m a b l e  p a t t e r n .  At 25° C th e  
[n] o f  PFK d e c re a se d  w i th  i n c r e a s i n g  SDS and ap p ea rs  to  l e v e l  o f f  a t  
0 .1 0  d l / g .  The f i g u r e  o f  0.AA ± 0 .0 6  d l / g  f o r  n a t i v e  PFK i s  n o t  
c o n s id e re d  r e l i a b l e  due to  a g g re g a t io n  in  th e  sample s o l u t i o n .  The 
Huggins c o n s ta n t s  became i n c r e a s i n g l y  n e g a t iv e  w i th  i n c r e a s i n g  SDS 
e x c e p t  f o r  th e  h i g h e s t  SDS c o n c e n t r a t i o n  where i t  was sm a l l  and 
p o s i t i v e  (0 .5 2  d l / g ) .  The [n] o f  PFK in  6 M GHC1 (F ig u re  33) was 
found to  be 0 .5 7  d l / g  and the  Huggins c o n s ta n t  was 0 .8 9 .
FIGURE 31
pH 8 and 
1 . 6xlO~ 3
V is c o s i ty  o f  PFK a t  10° C in  0 .05  M t r i s  p hosphate
-4  -40 .0 1  M m e rc a p to e th a n o l  in  z e ro ,  2x10 M, 6.5x10 M and 
M SDS.
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O N ativ e  PFK _ .  —  . _  . • » • « .
_  A© 2 .0  x 10 M SDS
1-
-4
O 1 .6  x 10’ 3 M SDS
o -
C> 1 2  3 4
[p f k ] g/di x io
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FIGURE 32
V is c o s i ty  of PFK a t  25° C in  0 .0 5  M t r i s  ph o sp h a te
- 4  -4pH 8 and 0 .0 1  M m e rc ap to e th an o l in  z e r o ,  2x10 M, 6 .5x10 M 
- 21.6x10 M SDS. The e x p e r im e n ta l  d a ta  f o r  th e  n a t i v e  PFK i s  
r e l i a b l e  and i s  in c lu d e d  f o r  in fo r m a t io n  o n ly .  (E r ro r  in  [p] 
0 . 1  d l / g ) .
I  and 
un­
i s  ±
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VISCOSITY OF PFK IN SDS 







N ative  PFK o
2 . 0  x 10~4 M sns e
6 .5  x 10 ^ M SDS •





The v a lu e  of th e  [n ] and k a t  ze ro  SDS c o n c e n t r a t i o n  and 
25° C, i s  n o t  r e l i a b l e  due to  a g g re g a t io n  in  th e  sam ple .
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VISCOSITY OF PFK IN SDS
[SDS] 




1 0 ° 25°
0O
25°
0 0 .40 0 .4 4 - 2 . 8 - 3 . 8
-42x 10 0 .4 1 0 .36 - 1 .4 - 5 .3
6 .5 x l0 ~ 4 0 .5 2 0 . 1 2 - 2 . 0 - 7 .2
1 . 6x1 0 " 3 0 .46 0 . 1 0 - 1 .7 0 .52
Huggins C onstan t
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FIGURE 33
V is c o s i ty  o f  PFK a t  25° C in  0 .1  M p h o sp h a te  pH 7 .0 ,
0 .0 1  M m e rc a p to e th a n o l  and 6 M GHC1. The n a t i v e  v i s c o s i t y  curve 
( th e  same as i n  F ig u re  32) i s  h e re  f o r  in fo r m a t io n  only  as  th e  d a ta  
was e r r a t i c .  (E r ro r  in  [n] i s  ± 0 . 1  d l / g ) .
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VISCOSITY OF PFK IN 6HCI
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IV. DISCUSSION
T r y p t ic  P e p t id e  A n a ly s is
T h i r ty - tw o  p e p t id e s  were I s o l a t e d  from a t r y p t i c  h y d r o ly s a te  
u s in g  an AG 50 W-X2 column and t h e i r  amino a c id  com posit ions  d e te rm ined  
(Table I I I ) .  P e p t id e  32 i s  o f  I n t e r e s t  b ecau se  o f  i t s  un ique  amino 
a c id  com posit ion  (one a r g i n i n e ,  2 ± 1 h i s t i d i n e s ,  one l y s i n e ) .  The 
c lo s e l y  spaced  p o s i t i v e l y  charged  r e s id u e s  ( l y s i n e  and a r g in in e )  a re  
capab le  o f  charge  i n t e r a c t i o n s  w i th  n e g a t i v e ly  charged  s u b s t r a t e s .  The 
i n t e r s p e r s e d  h i s t i d i n e  r e s id u e s  (unchanged) a re  capab le  o f  c o o r d in a t in g  
a s u b s t r a t e ,  o r  f u n c t io n in g  as a c a t a l y t i c  group in  p h o s p h o ry la t io n .  
These c h a r a c t e r i s t i c s  s u g g e s t  invo lvem en t a t  th e  a c t i v e  s i t e .  I t  
sh o u ld  be m en tioned , however, t h a t  groups in v o lv e d  in  a c o o rd in a te d  
b in d in g  o r  c a t a l y t i c  fu n c t io n  on a p r o t e i n ,  thanks  to  th e  f o ld i n g  o f 
th e  p e p t id e  c h a in ,  need  n o t  a l l  be on th e  same segment o f  p e p t id e  c h a in ,  
b u t  may be b ro u g h t  i n t o  p ro x im ity  by ch a in  f o ld i n g .  Hence, th e  
p re sen c e  o f  a h ig h ly  c o n c e n t r a te d  charged  group i s  n o t  a  n e c e s s i t y  f o r  
a b in d in g  o r  c a t a l y t i c  s i t e ,  b u t  i s  c e r t a i n l y  s u g g e s t iv e  o f  e i t h e r  
f u n c t io n .
Three ve ry  a c i d i c  p e p t id e s  (p e p t id e s  1, 2 , and 3) e l u t e d  in  
th e  f i r s t  10 f r a c t i o n s  were shown to  c o n ta in  c y s t e i c  a c id  and a s p a r t i c  
a c id ,  b u t  on ly  one and two c o n ta in e d  g lu ta m ic  a c id .  U su a lly  th e  
c a rb o x y - te rm in a l  r e s id u e  from a t r y p t i c  d i g e s t  w i l l  e l u t e  e a r l y  from 
th e  column as i t  need  n o t  have a b a s i c  ( l y s i n e  o r  a r g in in e )  r e s id u e  on 
i t s  c a rb o x y - te rm in a l  p o s i t i o n .  Both p e p t id e  two and s i x  a r e  p o s s i b l l l -
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t i e s  f o r  th e  c a r b o x y - te rm in a l  p e p t id e  as n e i t h e r  c o n ta in  l y s in e  
n o r  a r g in in e  r e s i d u e s .  The p re se n c e  o f  two o f  th e s e  im p l ie s  t h a t  
two d i f f e r e n t  p e p t id e  ch a in s  m ight be p r e s e n t .  P e p t id e s  two and fo u r ,  
however, c o n ta in  each  s p e c ie s  o f  amino a c id  c o n ta in e d  in  p e p t id e  s i x .  
T h is  b r in g s  in  th e  p o s s i b i l i t y  o f  an anomolous c le a v a g e .
Bachmayer e ^  a^. (1968) r e p o r te d  t r y p t i c  c lea v a g es  of 
t y r o s y l - i s o l e u c i n e  and a la n y 1-p h e n y la la n in e  l in k a g e s  d u r in g  d ig e s t i o n  
of ru b red o x in  by t r y p s i n ,  w i th  chym otrypsln  i n h i b i t o r  added. Sanborn 
and Hein (1968) have shown th e  p re se n c e  o f a second b in d in g  s i t e  on 
t r y p s i n  which a f f e c t s  th e  s p e c i f i c i t y  of i t s  a c t i v i t y .  This  i s  b e ­
l i e v e d  to  r e s u l t  i n  a number o f  anomolous c h y m o try p s ln - l ik e  c le a v a g e s ,  
even w ith  chym otrypsln  i n h i b i t o r  added. P i s z k ie w ic z  e t̂ _al. (1970) 
r e p o r te d  an i n t r a m o le c u la r  c leav ag e  o f a s p a r t y 1- p r o l i n e  l in k a g e s  by 
th e  8- c a r b o x y l  o f  a s p a r t i c  a c id .  I t  seems r e a s o n a b le  t h a t  th e  y -  
c a rb o x y l cou ld  f u n c t io n  in  a l i k e  manner in  a g lu tam y 1- p r o l i n e  l in k a g e ,  
a l th o u g h  t h i s  has  n o t  been o b serv ed .
I f  an anomolous c leav ag e  a c t u a l l y  occu rs  in  t h i s  i n s t a n c e ,  
then  p e p t id e  s i x  co u ld  be a c a r b o x y - te rm in a l  p e p t id e  a r i s i n g  from 
c leav ag e  o f  e i t h e r  p e p t id e  two o r  f o u r .  P e p t id e s  A, 13, 25 and 32 
c o n ta in  one r e s id u e  each of l y s in e  and a r g in in e  i n d i c a t i n g  no 
c leav ag e  a t  a bond where c leav ag e  would n o rm a lly  ta k e  p l a c e .  P e p t id e s  
13 and 25, however, c o n ta in  p r o l i n e  and l y s i n e .  T ry p s in  w i l l  n o t  
c lea v e  a ly s y 1 - p r o l i n e  n o r  an a r g in y 1 - p r o l in e  l in k a g e  (B lakeney ,
1972). The p re se n c e  of p e p t id e s  A and 32 i s  n o t  e x p la in e d .
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The t r y p t i c  p e p t id e  map r e p o r te d  in  t h i s  d i s s e r t a t i o n  
showed 66  p e p t id e s  as opposed to  a p re v io u s  number o f  48 p e p t id e s  
r e p o r te d  by P a e tk au  et_ a l .  (1968) . S ince  the  ch ro m a to g rap h ic  s h e e t s  
used in  the  e a r l i e r  work were n o t  as long  as th o se  used h e r e ,  some 
o f  th e  c lo s e l y  r e l a t e d  p e p t id e s  were p ro b a b ly  n o t  r e s o lv e d  in  the  
e a r l i e r  a t t e m p t .  The newer f i g u r e  i s  in  good agreem ent w i th  th e
62 ,000  d a l to n  m o le c u la r  w e ig h t ,  from s e d im e n ta t io n  e q u i l i b r iu m  in  
6 M GHC1, r e p o r te d  by Younathan et^ a l .  (1 9 7 3 ) .
P o ly a c ry la m id e  Gel E l e c t r o p h o r e s i s
SDS p o ly ac ry lam id e  g e l  e l e c t r o p h o r e s i s  i n  t h i s  l a b o r a t o r y  
(F ig u re  2 ,  Table  IV) showed 4 bands f o r  PFK w ith  m o le c u la r  w e ig h ts  
o f  140,000 ( I ) ,  112,000 ( I I ) ,  79,000 ( I I I )  and 55 ,000 (IV) d a l t o n s . 
This  u nexpec ted  r e s u l t  r e s o lv e d  i t s e l f  when d e n s i to m e t r i c  s c a n s  o f  
the  g e l s  were made (F ig u re  3 ) .  The p e r c e n t  o f  each component was as 
f o l l o w s :
I (140,000) a 4%
I I ( 1 1 2 , 0 0 0 ) - 21%
I I I (79 ,000  ) * 65%
IV (55 ,000) a 10%
Assume th e  two low er m o le c u la r  w e ig h ts  ( I I I  and IV) to  be  d i f f e r e n t  
s u b u n i t s  o f  m o le c u la r  w e ig h t s ,  79,000 and 55 ,000 d a l to n s  r e s p e c t i v e l y .  
I f  we a s s o c i a t e  I I I  and IV we g e t  a p a r t i c l e  ve ry  c lo s e  to  140,000
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d a l to n s  (Band I ) .  I f  we a s s o c i a t e  2 c h a in s  of IV we g e t  a p a r t i c l e  
very  c lo s e  to  112,000 d a l to n s  (Band I I ) .  Why no d im e r iz a t io n  o f  I I I ?  
Perhaps th e  i n t e r a c t i o n  between th e s e  s u b u n i t s  i s  a weak one o r  a b s e n t ,  
and on ly  IV monomers i n t e r a c t  w i th  one a n o th e r  and w i th  I I I  monomers.
Let us see  i f  we have a r e a so n a b le  i n t e r g r a l  s u b u n i t  r a t i o .
IV i s  pure  mononer (10%), I I I  i s  p u re  monomer (65%), I I  i s  a p u re  
dim er o f IV (21%) and I  i s  a mixed dim er o f  I I I  (2%) and IV (2%) . The 
t o t a l  mole p e rc e n ta g e s  a re  33% IV and 67% I I I  g iv in g  a s u b u n i t  r a t i o  
o f  one 55 ,000 d a l to n  s u b u n i t  to  two 79,000 d a l to n  s u b u n i t s  ( [ I V ] [ I I I ] ^ ) . 
Uyeda and Racker (1965) r e p o r t  t h a t  3 moles of ATP b in d  p e r  90 ,000  
d a l to n  p a r t i c l e .  Our t r i m e r  has  a p a r t i c l e  w e igh t o f  abou t 213 ,000 
d a l t o n s ,  hence t h i s  sh o u ld  b in d  7 moles of ATP, p e rh ap s  3 moles p e r  
I I I  s u b u n i t  and I mole p e r  IV s u b u n i t .  Moreover ADP (P assonneau  and 
Lowry, 1962), AMP and cAMP (Uyeda and R acker, 1965) b in d  a t  one mole 
p e r  90 ,000  d a l to n  p a r t i c l e .  Th is  c a l c u l a t e s  to  be 2 moles p e r  t r i m e r ,  
A s p a r t a te  t r a n s c a r b a m y la s e , a r e g u l a t o r y  enzyme (G e rh a r t  and P a rd e e ,  
1963), has  been shown to  have d i s c r e t e  c a t a l y t i c  and r e g u la to r y  
s u b u n i t s .  I t  i s  p o s s i b l e  t h a t  PFK a l s o  has  d i s c r e t e  c a t a l y t i c  and 
r e g u la to r y  s u b u n i t s .  With t h i s  in  mind, th e  n u c le o t id e  b in d in g  d a ta  
l i s t e d  above i n v i t e s  s p e c u l a t i o n  as  to  th e  number o f each type  o f  sub­
u n i t  in  the  t r i m e r ,  and the  number o f  s u b s t r a t e  o r  e f f e c t o r  m o lecu les  
b in d in g  e ach ;  however, th e r e  i s  no d e f i n i t i v e  e v id en ce  to  s u p p o r t  any 
such s p e c u l a t i o n .
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C i r c u l a r  D ichro ism  o f  PFK
The CD sp ec tru m  o f  PFK o r  any p r o t e i n ,  f o r  t h a t  m a t t e r ,  shows a 
summation o f a l l  the  i n d i v i d u a l  asym m etric  t r a n s i t i o n s  In  the  
m olecu le  r e s u l t i n g  from d i f f e r e n t i a l  i n t e r a c t i o n  w i th  r i g h t  and l e f t  
hand c i r c u l a r l y  p o l a r i z e d  l i g h t .  F ig u re  34 shows a com parison o f the  
n a t i v e  CD sp ec tru m  o f  PFK w i th  the  s p e c t r a  o f  a - h e l i x ,  0 - s t r u c t u r e  and 
random c o i l  (RC), o r  n o n p e r io d ic  s t r u c t u r e ,  from th e  so u rc e s  m entioned  
in  the  i n t r o d u c t i o n  and o b j e c t i v e s  s e c t i o n .  In  t h i s  sp ec tru m  we can 
se e  th e  e f f e c t  o f  th e  c o n t r i b u t i o n  o f  a l l  t h r e e  o f  th e  c h a r a c t e r i z e d  
forms m en tioned . I t  sh o u ld  be m entioned  t h a t  th e  spec trum  f o r  the  
random c o i l  used h e re  i s  only  one o f  a v a r i e t y  of cu rves  which d i f f e r  
to  some d e g re e .  The l a r g e  n e g a t iv e  t r a n s i t i o n  i s  always p r e s e n t  b u t  
the  s m a l l  p o s i t i v e  one i s  sometimes a b s e n t .
The PFK sp ec tru m  a t  pH 7 has  th e  g e n e r a l  form o f  the  a - h e l i x  
sp ec tru m  b u t  somewhat w eaker in  th e  210 to  230 nm re g io n  and th e  185 
to  205 nm re g io n  due to  the  i n f l u e n c e  of n o n p e r io d ic  s t r u c t u r e .  The 
component o f  0 - s t r u c t u r e  can be d e t e c t e d  in  th e  205 to  210 nm re g io n  
by th e  s h i f t  o f  th e  210  nm peak p r e s e n t  in  th e  a - h e l i c a l  s t r u c t u r e  to  
206 nm and by a r e d u c t io n  i n  th e  i n t e n s i t y  o f  t h i s  p eak . I t  can be 
seen  how the  i n d i v i d u a l  s t r u c t u r a l  c o n s t i t u a n t s  add up to  g iv e  th e  
e x p e r im e n ta l  sp ec tru m . At t h i s  pH the  s t r u c t u r a l  a n a l y s i s  methods o f  
Saxena and W e tla u fe r  (1971) , and G re e n f ie ld  and Fasman (1969) i n d i c a t e  
20-30% a - h e l i x ,  25-45% 0 - s t r u c t u r e  and th e  rem a in d er  n o n p e r io d ic
FIGURE 34
CD o f  a - h e l i x ,  from p o ly (L ys)  in  w a te r  a t  pH 11 .4  and 
25° C; g - s t r u c t u r e ,  from p o ly (L y s)  in  w a te r  a t  pH 11.4  above 51° C; 
random c o i l  s t r u c t u r e ,  from p o ly (L y s)  in  w a te r  a t  pH 7 .4  a t  25° C 
and PFK (0 .2 0  mg/ml) in  0 .1  M b o r a te  pH 9.
139
cd o f  a ,/3 ,R C  a native  p fk
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s t r u c t u r e .  The M o ff i t t -Y an g  p l o t  y ie ld e d  abou t 30% a - h e l i x .
In  a t t e m p t in g  to  c a l c u l a t e  th e  p e r  c e n t  of each  s t r u c t u r a l  
component in  a p r o t e i n  m olecu le  from i t s  CD s t r u c t u r e ,  we must f i r s t  
examine th e  v a r io u s  methods of c a l c u l a t i o n  o f  th e s e  v a lu e s .  The 
method o f  Rosenkranz and S ch o lto n  (1971) u ses  th e  CD sp ec tru m  of
p o ly (L y s)  in  w a te r  as a s ta n d a rd  f o r  a - h e l i x ,  p o ly (L y s)  in  1% SDS f o r
6- s t r u c t u r e  and p o ly (S e r )  in  8 M LiCl f o r  random s t r u c t u r e .  Saxena 
and W e tla u fe r  (1971) take  th e  x - r a y  s t r u c t u r e s  o f  lyozyme, myoglobin 
and r i b o n u c l e a s e , c a l c u l a t e  the  p e r  c en t  o f  each  s t r u c t u r e  p r e s e n t  f o r  
each p r o t e i n  and use the  CD s p e c t r a  of each  one to  r e p r e s e n t  a s ta n d a r d  
o f  t h a t  co m p o si t io n  of a ,  8 and RC. G re e n f ie ld  and Fasman (1969) use 
p o ly (L y s)  in  w a te r  pH 11.4  f o r  a - h e l i x ,  p o ly (L y s)  in  w a te r  pH 11.4
above 51° C f o r  8- s t r u c t u r e  and p o ly (L y s)  in  w a te r  pH 7 .4  f o r  random
c o i l .
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E f f e c t  o f  SDS on C i r c u l a r  Dichro ism and Enzymatic A c t i v i t y  of PFK
The n a t i v e  spec t rum  of  PFK a t  pH 7 (F igure  5; Table  V) has  a
2
p o s i t i v e  maximum a t  191 nm w i th  [0] = 15,000 deg cm /dmole and two
n e g a t i v e  maxima a t  205 and 218 nm b o th  w i th  [0 ] = 13,500 
2
deg cm /dmole .  The methods of  Rosenkranz and Shol ton  (1971) ,  G r e e n f i e l d
and Fasman (1969) ,  Saxena and W e t l a u fe r  (1971) and the  M o f f i t t -Y an g
p l o t  a l l  g ive  v a lu e s  of  20 to  30% a - h e l i x  f o r  PFK a t  pH 7. 6- s t r u c t u r e
and random s t r u c t u r e  were v a r i a n t  (Table  XI) .
When 0.1% SDS i s  added (F igu re  6 ; Table V) t o  a PFK s o l u t i o n
a t  pH 7 the  p o s i t i v e  maximum s h i f t s  to  189 nm w i th  [0] i n c r e a s i n g  to  
2
53,000 deg cm /dmole ,  and the  n e g a t i v e  maxima s h i f t  to  207 and 220 nm
2
w ith  i n c r e a s e s  i n  [0 ] to  -2 6 ,0 0 0  and - 2 1 , 0 0 0  deg cm /dmole r e s p e c t i v e l y .  
This amounts to  a tremendous i n c r e a s e  in  a - h e l i x  c o n t e n t .  The method 
of  Rosenkranz and S ho l ton  (1971) g iv e s  80% f o r  th e  a - h e l i x  and z e ro  f o r  
8 and random c o n t r i b u t i o n s  under  t h e s e  c o n d i t i o n s .  The CD spec t rum  
under t h e se  c o n d i t i o n s  looks  as  though i t  might match a computed 
spec trum  o f  p o ly (L ys)  ( G r e e n f i e ld  and Fasman, 1969) h av ing  70% a - h e l i x  
and 30% random s t r u c t u r e .  This  amount of  a - h e l i x  i s  comparable  to  
myoglobin.  Myoglobin has  121 amino a c id  r e s i d u e s  ou t  of 153 (79%) 
in v o lv ed  in  h e l i c a l  s t r u c t u r e  (D icke rson  and G e i s , 1969).
A f t e r  d i a l y z i n g  ou t  a l l  the  SDS t h a t  i s  p o s s i b l e  (F ig u re  7, 
Table  V) to  remove a t  pH 7, the  p o s i t i v e  maximum s h i f t s  to  190 nm w i t h
TABLE XI
a - h e l i x ,
± 10% o f
The p e r c e n t  v a lu e s  f o r  s t r u c t u r a l  c o n t r i b u t i o n s  from 
B - s t r u c t u r e  and random c o i l  s t r u c t u r e  to  PFK s t r u c t u r e  a r e  
th e  p e r c e n t  v a l u e s .
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% a ,  B AND RC COMPOSITION OF PFK
r ROSENKRANZ & SHOLTON GREENFIELD & FASMAN SAXENA & WETLAUFER MOFFATT-YANG
pH7 pH9 pHll pH7 pH9 pHll pH7 pH9 pHll pH7 pH9 pHll
Z 1 Z Z
NATIVE PFK a 32 23 18 21 28 22 33 40 35 27 33 15
6 a 95 23 46 37 47 24 15 23 - - -
RC 80 65 52 33 35 31 43 45 42 - - -
PFK IN SDS a 78 72 72
6 a a a
RC a a a






6 a a a
RC a a a
a Exper im enta l  CD g ives  va lues  l e s s  than zero
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[0] i n c r e a s i n g  to  60 ,000  deg cm /dmole .  The two n e g a t i v e  maxima s h i f t
to  211 and 224 nm w i th  d e c r e a s e s  i n  [0] to  -2 3 ,0 0 0  and - 2 0 ,0 0 0  
2
deg cm /dmole r e s p e c t i v e l y .  The method of  Rosenkranz and S cho l ton  
(1969) g iv e s  abou t  70% a - h e l i x  a t  pH 7 w h i le  t h e  e x p e r i m e n t a l  spec t rum  
c l o s e l y  matches  a computed spec t rum  o f  po ly (L ye)  h a v in g  70% a - h e l i x ,
20 0- s t r u c t u r e  and 10% random s t r u c t u r e .
At pH 9 the  n a t i v e  CD (F ig u re  5; Table  V) shows the  p o s i t i v e
2
maximum a t  190 nm has  [0] * 29 ,000 deg cm /dmole ,  and two n e g a t i v e
2
maxima a t  206 and 218 w i th  [0] ■ - 1 1 ,0 0 0  and - 1 3 ,5 0 0  deg cm /dmole
r e s p e c t i v e l y .  The change in  pH from 7 to  9 shows a sm a l l  i n c r e a s e
in  a - h e l i x  a t  the  expense  of  8- s t r u c t u r e .
With th e  a d d i t i o n  o f  0.1% SDS a t  pH 9 ,  the  p o s i t i v e  maximum
i n c r e a s e s  to  [0] ** 48,500 and the  two n e g a t i v e  maxima show no change.
The e s t i m a t e d  s t r u c t u r a l  com pos i t ion  as e s t i m a t e d  from computed s t a n d a r d
curves  by G r e e n f i e l d  and Fasman (1969) was 60% a - h e l i x , 20% 6- s t r u c t u r e
and 20% random c o i l .
A f t e r  d i a l y s i s  the  sample produced  a change i n  a l l  t h r e e
maxima. The p o s i t i v e  maximum s l i g h t l y  s h i f t s  t o  189 nm w i th  [6 ] «
2
18,000 deg cm /dmole and the  two n e g a t i v e  maxima a t  207 and 218 nm
2
change t o  -1 7 ,0 0 0  and - 1 4 ,0 0 0  deg cm /dmole .  The e s t i m a t i o n  of 
component s t r u c t u r e  from G r e e n f i e l d  and Fasman (1969) i s  35% a - h e l i x ,
25% 8- s t r u c t u r e  and 40% random s t r u c t u r e .
At pH 11 to  12 the  CD o f  the  n a t i v e  s t r u c t u r e  shows a 
p o s i t i v e  maximum a t  192 nm w i th  [0] ■ 27 ,500 and two n e g a t i v e  maxima a t
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203 and 220 nm w i t h  [0] * - 9 , 5 0 0  and 11,500 deg cm /dmole the  
d i f f e r e n c e s  from pH 9 to  12 a re  ve ry  minor and seem t o  i n v o lv e  a 
co n v e r s io n  of  a - h e l i x  t o  6- s t r u c t u r e  o r  random c o i l .
A d d i t io n  of  0.1% SDS has  no e f f e c t  on th e  n e g a t i v e  maxima 
b u t  the  p o s i t i v e  one d e c r e a s e s  by h a l f  and s h i f t s  to  193 nm and a 
sm a l l  n e g a t i v e  w ig g le  forms a t  198 nm. This  e x p e r i m e n t a l  curve  c l o s e l y  
matches  the  computed curve  o f  G r e e n f i e l d  and Fasman (1969) w i t h  50% 
a - h e l i x ,  10% 8 - s t r u c t u r e  and 40% random s t r u c t u r e .
D i a l y s i s  of  the  above sample  p roduces  a p o s i t i v e  maximum which 
has  been s h i f t e d  to  195 nm and the  [0] remains  the  same. The n e g a t i v e  
maxima b o th  d e c r e a s e  p ro d u c in g  a curve  v e ry  s i m i l a r  to  th e  n a t i v e  curve 
a t  pH 7 w i t h  a com pos i t ion  of  20-30% a - h e l i x .
A pH o f  7 was chosen to  d i s c u s s  th e  change of  th e  BFK CD 
spec t rum  w i t h  SDS. In  g e n e r a l  (F ig u re  35) the  changes b ro u g h t  abou t  by 
adding  0.1% SDS were t o  i n c r e a s e  by 60% th e  e l l i p t i c i t y  w i t h i n  the  
range  198 nm to  238 nm and i n c r e a s i n g  the  e l l i p t i c i t y  a t  190 nm by 
200%. The a c t u a l  s t r u c t u r a l  m o d i f i c a t i o n  was t o  i n c r e a s e  b o th  a - h e l i x  
and 8- s t r u c t u r e  a t  the  expense  of  random c o i l  s t r u c t u r e .  The r e s u l t  o f  
d i a l y z i n g  o u t  t h e  SDS in  an a t t e m p t  t o  r e n a t u r e  the  p r o t e i n  a p p a r e n t l y  
f a i l s  s i n c e  th e  spec t rum  produced  was ve ry  s i m i l a r  t o  the  spec t rum  
b e f o r e  d i a l y s i s .  At 197 nm a s h o u l d e r  forms on the  l a r g e  p o s i t i v e  peak 
and the  two n e g a t i v e  peaks  a t  206 and 222 nm s h a l lo w  o u t .  T h i s  I n d i c a t e s  
a r i s e  i n  th e  c o n t e n t  of  6- s t r u c t u r e  a t  the  expense  of random s t r u c t u r e .  
The r e s u l t s  o f  th e  t r e a t m e n t  of Rosenkranz and Sho l ton  (1971) sh o u ld  n o t
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be judged  too  h a r s h l y  f o r  t h e i r  l a c k  of  u s e f u l  i n f o r m a t i o n .  Three 
w ave leng ths  (209, 202 and 200.5 nm) were used  f o r  q u a n t i t a t i o n  of  
a ,  0 and random c o i l  s t r u c t u r e  r e s p e c t i v e l y .  Of t h e s e  w a v e le n g th s ,  
t h e  l a t t e r  two o c c u r r e d  a t  l o c a t i o n s  i n  the  PFK sp ec t ru m  where [0] 
changed r a p i d l y  w i t h  w a v e le n g th ,  hence  the  l a c k  o f  a c c u r a c y .
The CD spec t rum  o f  PFK i n  6 M GHC1 (F ig u re  11) showed an 
i n t e r e s t i n g  change from the  n a t i v e  s t r u c t u r e  a t  pH 7. A s t r o n g  n e g a t i v e  
peak formed (t®]230 * - 1 1 ,0 0 0 )  a t  230 nm w i th  a deep t rough  going
down to  about  1 / 2  th e  peak h e i g h t  a t  226 nm and the  rem a inder  o f  the  
curve below t h i s  I n c r e a s e d  i n  [0] more r a p i d l y  than  b e f o r e .  T h i9 
spec t rum  i s  s i m i l a r  to  the  sp ec t ru m ,  c a l c u l a t e d  by G r e e n f i e l d  and 
Fasman (1969) ,  o f  po ly (L y s)  which i s  65% random c o i l  and 35% a - h e l i x .
The c a l c u l a t e d  curve  has  a  peak o f  225 nm and a  t rough  a t  215 nm 
whereas  the  sp ec t ru m  i n  F igu re  11 has  a peak a t  229 and a t rough  a t  224 
nm.
FIGURE 35
CD o f  PFK in  0 . 1  M sodium b o r a t e ,  pH 7 w i th  no SDS; 0.1%
_3
(3 .5x10 M) SDS and the  p re v io u s  s o l u t i o n  a f t e r  d i a l y s i s  t o  remove 
a l l  th e  SDS p o s s i b l e .  These a re  compared w i th  the  s p e c t r a  of  a -  
s t r u c t u r e  from po ly (L ys)  i n  w a te r  a t  pH 11 .4  and 25° C; 8- s t r u c t u r e  
from p o ly (L y s )  i n  w a te r  a t  pH 11 .4  above 51° C and random c o i l  
from po ly (L y s)  i n  w a te r  a t  pH 7 .4  a t  25° C.
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CD OF PFK AT pH 7 6  STANDARD STRUCTURES
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SDS was found to  cause  changes  In  th e  o p t i c a l  spec t rum  (CD) of
PFK (F igure  8) c o n c u r r e n t  w i th  changes in  enzym at ic  a c t i v i t y .  The
i n i t i a l  d e c rea se  in  e l l i p t i c i t y  a t  218 nm could  be b rough t  about by
a con v e rs io n  of  a - h e l i x  to  e i t h e r  6 o r  random s t r u c t u r e  a t  low SDS
- 4c o n c e n t r a t i o n s  (0 t o  1x10 M SDS) . As SDS c o n c e n t r a t i o n  b e g in s  t o  
i n c r e a s e  once aga in  the  e l l i p t i c i t y  i n c r e a s e s  back to  e v e n t u a l l y  
g r e a t e r  than i t s  o r i g i n a l  v a lu e  w i th  the  n a t i v e  p r o t e i n .  This  cou ld  
happen by con v ers io n  of  random a n d /o r  8- s t r u c t u r e  to  a - h e l i x  a t  the  
h ig h e r  SDS c o n c e n t r a t i o n s .  I t  w i l l  be shown l a t e r  i n  the  d i s c u s s i o n  
t h a t  SDS can accomplish  bo th  the  change to  a - h e l i x  and th e  change to  
0 - s  t r u c t u r e .
In look in g  a t  the  c o n c u r r e n t  changes  in  a c t i v i t y  an i n i t i a l  
drop i n  a c t i v i t y  w i th  a d d i t i o n  of  5x10 ^ M SDS o c c u r s .  The SDS con­
c e n t r a t i o n  may now i n c r e a s e  by a n o th e r  o r d e r  of  magni tude b e f o r e  the
-5  -4n e x t  a c t i v i t y  change t a k e s  p l a c e  a t  5x10 M SDS. At 10 M SDS the
PFK a c t i v i t y  drops  to  z e r o .  Perhaps  SDS causes  an i n i t i a l  d i s s o c i a t i o n  
of s u b u n i t s  which r e s u l t s  in  a d i f f e r e n t  a g g re g a te  o f  the  enzyme l e s s  
c a t a l y t i c a l l y  e f f i c i e n t  than  the  n a t i v e  more h i g h l y  a g g re g a te d  enzyme.
At a h ig h e r  c r i t i c a l  c o n c e n t r a t i o n  th e se  o l igom ers  b e g in  to  b r e a k  down 
i n t o  i n a c t i v e  s u b u n i t s  in  a l i n e a r  f a s h io n  w i th  i n c r e a s i n g  SDS u n t i l  
the  d i s s o c i a t i o n  i s  com ple te .  We have p o s t u l a t e d  t h r e e  d i s c r e t e  agg re ­
g a t i o n  s t a t e s  of  the  enzyme h e r e .  One i s  f u l l y  a c t i v e ,  the  n a t i v e  form, 
a n o th e r  i s  70% a c t i v e  pe rhaps  the  t e t r a m e r i c  form p o s t u l a t e d  e a r l i e r  
in  the  d i s c u s s i o n  and the  l a s t  a f u r t h e r  d i s s o c i a t e d  form, com ple te ly  
i n a c t i v e .  The CD d u r in g  th e se  changes makes no w e l l  d e f in e d  changes
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-Ab u t  g e n e r a l l y  d e c r e a s e s  toward a minimum a t  10 M SDS. The change in  
CD g iv e s  us a  ch o ice  o f  two p o s s i b i l i t i e s .  One p o s s i b i l i t y  i s  t h a t  
t h e r e  i s  one f u l l y  a c t i v e  form and one f u l l y  i n a c t i v e  form w i th  the  
i n t e r m e d i a t e  [0 ] v a lu e s  b e in g  r e p r e s e n t a t i v e  o f  changing  r a t i o s  o f  the  
two d i s c r e t e  s p e c i e s .  The o t h e r  p o s s i b i l i t y  i s  t h a t  t h e r e  a re  one or  
more i n t e r m e d i a t e s  be tween th e  100% a c t i v e  and i n a c t i v e  forms, each 
w i th  i t s  own c h a r a c t e r i s t i c  degree  o f  a c t i v i t y ,  b i n d in g  r a t i o  w i th  
SDS, and [ 0 ] .  I f  b i n d i n g  of  SDS w i th  PFK ind u ces  a g r a d u a l  d i s s o c i a t i o n  
o f  o l i g o m e r i c  PFK th e re b y  p roduc ing  a spec t rum  of  o l ig o m e r i c  forms, then  
the  l a t t e r  p o s s i b i l i t y  i s  t r u e .
SDS I n t e r a c t i o n  w i th  P o l y p e p t i d e s
As observed  in  the  i n t r o d u c t i o n  and o b j e c t i v e s  s e c t i o n ,  a 
j u d i c i o u s  cho ice  of  po ly  amino a c i d s  was n e c e s s a r y  t o  produce  a model 
sys tem  which would y i e l d  a maximum of  i n f o r m a t i o n .  The q u e s t i o n s  we 
sought  to  answer were w h e th e r  o r  no t  SDS I n t e r a c t e d  w i th  charged  s i d e  
c h a i n s ,  hydrophob ic  s i d e  c h a in s  o r  the  p e p t i d e  bond, and what e f f e c t  
SDS might have on th e  a - h e l i x .  A combina t ion  of b i n d i n g  r a t i o s  and 
c o n f o r m a t io n a l  d a t a  was deemed the  b e s t  approach toward answer ing  
t h e s e  q u e s t i o n s .
The n a t u r e  o f  the  i n t e r a c t i o n  o f  SDS w i t h  p o l y p e p t i d e s  to  
d a t e  i s  unknown. One of  th e  p o s s i b i l i t i e s  i s  i n t e r a c t i o n  w i th  the  
p e p t i d e  backbone th rough  hydrophob ic  i n t e r a c t i o n s .  Another i s  a charge  
i n t e r a c t i o n  be tween the  a n i o n i c  s u l f a t e  group and c a t i o n i c  s i d e  c h a i n s .  A 
t h i r d  p o s s i b i l i t y  i s  a  s o r t  of  combina t ion  of  the  p re v io u s  two i n  t h a t  
i t  a c t s  in  a c ro s s  l i n k i n g  manner,  t h e  a n i o n i c  p o r t i o n  i n t e r a c t i n g  w i th  a
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c a t i o n i c  s i d e  s i d e  cha in  and th e  a l i p h a t i c  s i d e  cha in  i n t e r a c t i n g  w i th  
a hydrophob ic  m o ie ty ,  e i t h e r  a s i d e  cha in  or  the  p e p t i d e  backbone .  A l l  
t h e se  p r o p o s a l s  have t h e i r  p ro s  and cons.  I t  i s  improbable  t h a t  a l l  
t h r e e  types  o f  i n t e r a c t i o n s  a r e  in v o lv e d  s i n c e  SDS b in d s  w i th  a l a r g e  
number of  p r o t e i n s  i n  a c o n s t a n t  w e ig h t  to  w e igh t  r a t i o ,  namely,  1 . 4  g 
SDS/g o f  p r o t e i n .  This  s u g g e s t s  t h a t  some s t r u c t u r e ,  common i n  a l l  
p r o t e i n s ,  i s  r e s p o n s i b l e  f o r  b i n d i n g  w i th  SDS.
The work of O v e rb e rg e r  £ t  al_. (1971) ,  based on the  s o l v o l y s i s  
o f  p - n i t r o p h e n y l  a c e t a t e  by p o l y [4 ( 5 ) - v i n y l i m i d a z o l e ]  i n  e t h a n o l -  
w a t e r  s o l u t i o n s ,  shows r a t e  enhancement o f  h y d r o l y s i s  w i th  l e n g t h e n i n g  
the  a c i d  s i d e  cha in  of th e  e s t e r  and w i th  i n c r e a s i n g  w a t e r  c o n c e n t r a ­
t i o n .  Th is  i s  b e l i e v e d  to  o ccu r  th ro u g h  more e f f e c t i v e  im m o b i l i z a t i o n  
o f  t h e  e s t e r  s u b s t r a t e  on th e  im id a z o le  po lym er ,  th rough  hydrophobic  
i n t e r a c t i o n s  be tween th e  a c i d  s i d e  c h a in  and th e  p o l y - v i n y l  backbone, 
and th e  n u c l e o p h y l i c  i n t e r a c t i o n  between the  im idazo le  group and the  
e s t e r  c a r b o n y l .  Th is  c r o s s  l i n k i n g  e f f e c t  m ight  w e l l  occu r  w i th  SDS 
and p r o t e i n s ,  th e  s u l f a t e  i n t e r a c t i n g  w i th  c a t i o n i c  amino a c i d  r e s i d u e s  
and th e  dodecyl  s i d e  c h a in  i n t e r a c t i n g  w i th  t h e  p e p t i d e  backbone o r  
hydrophobic  amino a c i d  r e s i d u e s .
Some o t h e r  c o m p l i c a t i o n s  a re  t h e  v a r i o u s  e f f e c t s  SDS has  
on p o l y p e p t i d e s .  In  some p r o t e i n s  i t  s t a b i l i z e s  t h e  a - h e l i x  
( T r o i t s k i i ,  1965),  in  o t h e r s  i t  c o n v e r t s  the  random c o i l  t o  a - h e l i x  
( J i r g e n s o n s ,  1963) ,  in  s t i l l  o t h e r s  i t  c o n v e r t s  random c o i l  to  3-  
s t r u c t u r e  ( S a r k a r  and Doty,  1966) .  The e f f e c t s  o f  SDS on PFK have been 
d e s c r i b e d  e a r l i e r  i n  t h i s  d i s c u s s i o n .
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E q u i l i b r iu m  d i a l y s i s  s t u d i e s  i n  t h i s  l a b o r a t o r y  (Table  IX)
showed t h a t  PFK bound SDS a t  1 .4  g SDS/g PFK a t  c o n c e n t r a t i o n s  above 
- 48x10 M SDS as r e p o r t e d  by Reynolds and Tanford  (1970b) f o r  a wide
v a r i e t y  of  p r o t e i n s .  This prompted us to  f i n d  ou t  w he ther  some amino
a c id  homopolymers and copolymers would b in d  SDS i n  th e  same manner.
Our d a t a  showed t h a t  they d id  n o t  (Table  IX ) .  In  f a c t  p o ly (H eg) ,
poly(Hpg) and poly(Dheg) n o t  only  d id  n o t  b in d  i t ,  b u t  exc luded  i t
from i n s i d e  th e  d i a l y s i s  tube  a t  10° C. On the  o t h e r  hand a t  25° C
th e r e  was some s l i g h t  b in d in g .  At 25° C poly(4Hpr)  ve ry  s l i g h t l y
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bound SDS. P o l y ( T y r ) ,  p o l y ( P r o ) ,  poly(Dheg * Bglu * ) a l l  exc luded  
i t  from the  d i a l y s i s  tube a t  25° C. P o ly ( O rn ) ,  p o l y ( P h e ^ L y s ^ )  and 
po ly (L y s)  a l l  bound i t  e x ce e d in g ly  w e l l  and p r e c i p i t a t e d  o u t  of 
s o l u t i o n  as a r e s u l t .
The e x c l u s i o n  of  SDS from th e  d i a l y s i s  tube  i s  b e l i e v e d  to  
be a  r e s u l t  o f  t h e  g r e a t e r  a f f i n i t y  o f  th e  polymer f o r  w a t e r  than  f o r  
SDS.
For example ,  a polymer m olecu le  has  a  s o l v a t i o n  s p h e r e ,  which 
i s  a s h e l l  o f  s o l v e n t  t h a t  has  s t r u c t u r e d  i t s e l f  abou t  t h e  p e r ip h e r y  
of  the  m o le c u le ,  and moves w i th  th e  m o lecu le .  A s o l u t i o n  of  w a t e r ,  
polymer and SDS i s  be in g  d i a l y z e d  a g a i n s t  SDS o f  the  same c o n c e n t r a t i o n  
in  w a te r .  I f  the  a f f i n i t y  o f  the  polymer i s  g r e a t e r  f o r  the  SDS than 
f o r  w a t e r  then  SDS from the  polymer s o l u t i o n  w i l l  b in d  to  the  polymer.
SDS from th e  d l a l y z i n g  s o l v e n t  must now d i f f u s e  i n t o  the  polymer 
s o l u t i o n  to  e q u a l i z e  th e  SDS c o n c e n t r a t i o n  a c r o s s  the  membrane. Once 
t h i s  occu rs  t h e r e  i s  more SDS p e r  u n i t  volume in  the  polymer s o l u t i o n  
than in  the  d l a l y z i n g  s o l v e n t .  This  w i l l  g ive  a p o s i t i v e  b i n d i n g  r e ­
s u l t .  Should the  polymer a f f i n i t y  f o r  w a te r  be g r e a t e r  than  f o r  SDS,
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the  polymer ve ry  t i g h t l y  b in d s  w i th  i t s  w a te r  i n  the  s o l v a t i o n  s p h e r e
to  the  e x c l u s i o n  of  the  SDS i n  t h i s  l a y e r .  This  i n c r e a s e s  t h e  e f f e c t i v e
c o n c e n t r a t i o n  o f  SDS i n  the  polymer s o l u t i o n  ( i n  the  f r e e  s o l v e n t ) .
This e x ces s  w i l l  now d i f f u s e  o u t  i n t o  the  d i a l y s i s  s o l v e n t  and the
SDS c o n c e n t r a t i o n  w i l l  be l e s s  i n  th e  polymer s o l u t i o n  than  i n  the  
d i a l y s i s  s o l v e n t .  This  w i l l  g ive  a n e g a t i v e  b i n d i n g  r e s u l t .
The r e s u l t s  o f  the  b i n d i n g  s tu d y  have f o r  the  most p a r t  shown 
SDS b i n d i n g  to  be s l i g h t ,  o r  none ,  w i th  a l l  polymers  e x ce p t  th e  c a t i o n i c  
ones (poly(Om)’ , p o l y ( P h e ^ L y s ^ )  , p o l y ( L y s ) ) .  Th is  would c e r t a i n l y  
i n d i c a t e  t h a t  where p o s i t i v e l y  charged  r e s i d u e s  a r e  p r e s e n t ,  b i n d in g  
i s  promoted , a p p a r e n t l y  th rough  a charge  i n t e r a c t i o n .  Whether o r  n o t  
t h i s  i s  t h e  only  i n t e r a c t i o n  t a k i n g  p l a c e  i s  n o t  known.
The n e u t r a l  polymers ( p o ly ( H e g ) , p o ly ( H p g ) , poly(Dheg))  
showed b i n d in g  r a t i o s  of  2 ,  6 and 10 m olecu les  o f  SDS p e r  100 amino 
a c id  r e s i d u e s .  I t  ap p ea rs  t h a t  b i n d i n g  i s  i n c r e a s e d  by a g r e a t e r  number 
o f  a l i p h a t i c  groups on the  amide n i t r o g e n  and by i n c r e a s i n g  th e  number 
o f  carbons  i n  the  g roup .  A g r e a t e r  v a r i e t y  of polymers  of  t h i s  type 
shou ld  be i n v e s t i g a t e d  to  v e r i f y  t h i s .
The d i f f e r e n c e  i n  b i n d i n g  r a t i o s  be tween poly (4Hpr)  which 
bound 4 m olecu les  o f  SDS p e r  100 amino a c id  r e s i d u e s  and p o ly (P ro )  
which ex c lu d ed  th e  SDS i n d i c a t e s  t h a t  th e  a d d i t i o n a l  p o l a r i t y  of the  
hydroxyl  group a s s i s t s  somewhat i n  b i n d i n g .  How t h i s  t a k e s  p l a c e  i s  
n o t  known.
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The s p e c t r a  o f  p o l y ( O r n ) , po ly (L ys)  and poly (Phe  Lys ) 
show s i g n i f i c a n t  c o n fo rm a t io n a l  changes  i n  t h e  p r e s e n c e  of SDS. The 
rem ainder  of po ly  amino a c i d s  i n v e s t i g a t e d  in  t h i s  work showed no 
changes .  L ik ew ise ,  poly(Dheg)  ( C la rk ,  1973),  po ly(4Hpr)  ( M a t t i c e ,
1973),  poly(Heg) and poly(Hpg) (Lo, 1973) showed no c o n fo rm a t io n a l  
changes .  Po ly(Orn)  changed from random c o i l  to  a - h e l i x ,  
p o ly (P h e “*®Lys-*®) from random to  a - h e l i x  and p o ly (L ys)  from random 
t o  8- s t r u c t u r e .  These r e s u l t s  i n d i c a t e  t h e  e f f e c t  o f  SDS on secondary  
s t r u c t u r e  i s  dependent on amino a c i d  com pos i t ion  in  the  s imple  
homopolymers and copolymers .  The i m p l i c a t i o n s  o f  t h i s  e f f e c t ,  r e g a r d ­
i n g  th e  complex amino a c i d  com pos i t ions  of p r o t e i n s ,  i n v i t e  s p e c u l a t i o n .
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The Aromatic  C i r c u l a r  D lc h ro ic  Spectrum o f  PFK
The changes in  the  a ro m a t ic  spec t rum  of  PFK w i t h  pH (Figure 20) 
d e s c r i b e d  i n  the  r e s u l t s  s e c t i o n  a re  s u f f i c i e n t  to  see  t h a t  changes in  
i n d i v i d u a l  a ro m a t ic  r e s i d u e s  a re  t a k in g  p l a c e  s t e p  by s t e p .  This  occurs
u n t i l  a t  pH 12, a tremendous change i n  e l l i p t i c i t y  from -60  t o  a +70
2
deg cm /dmole i s  o bse rved .  This  i s  i n  c o n t r a s t  to  t h e  l a c k  of
change i n  the  CD o f  th e  p e p t i d e  r e g i o n .
A CD spec t rum  o f  po ly (T y r )  i n  0 .2  M NaCl pH 11.4  by Beychok
and Fasman (1964) shows a p o s i t i v e  a ro m a t ic  t r a n s i t i o n  of  7000 
2
deg cm /dmole c e n t e r e d  a t  248 nm w i th  a s h o u ld e r  of about  2000 
2
deg cm /dmole a t  267 nm. The pH 12 a ro m a t ic  s p e c t r a l  maxima f o r  PFK
2 2 i s  3600 deg cm /dmole a t  250 nm and the  s h o u ld e r  i s  900 deg cm /dmole
a t  270 nm. These v a lu e s  a r e  computed a cc o rd in g  to  the  mole f r a c t i o n  
o f  t y r o s i n e  p r e s e n t  i n  PFK. The e l l i p t i c i t y  v a l u e s ,  w ave leng ths  o f  the  
t r a n s i t i o n s  and shape o f  the  s p e c t r a  a r e  c lo s e  enough to  s t r o n g l y  su g g e s t  
t h a t  t y r o s i n e  i s  making a s u b s t a n t i a l  c o n t r i b u t i o n  to  the  a ro m a t ic  CD.
The l a r g e  s p e c t r a l  change a t  pH 12 occurs  when the  t y r o s i n e s  a r e  s u f f i ­
c i e n t l y  exposed t o  com ple te ly  i o n i z e  as in  the  homopolymer p o l y ( T y r ) .
The a ro m a t ic  spec t rum  of  PFK a l s o  shows a change in  re sp o n se  
to  s e v e r a l  l i g a n d s  and d e n a t u r a n t s .  The s p e c t r a l  change w i th  b in d in g  
of  F6-P i s  s u f f i c i e n t  t o  show t h a t  one o r  more of  the  t y r o s i n e  r e s i d u e s  
a r e  in v o lv ed  in  b i n d i n g  and hence  a t  the  a c t i v e  s i t e .  In  a d d i t i o n  t h e r e  
i s  a change w i th  the  b in d in g  of  2 ,5 - a n h y d r o - D - m a n n i t o l - l - P ,  a s u b s t r a t e
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ana log  which can be p h o s p h o r y l a t e d  in  th e  PFK c a t a l y z e d  r e a c t i o n .  The 
d i f f e r e n c e  i n  s p e c t r a l  r e sp o n se  to  i t s  b i n d i n g  and t h a t  o f  F6-P  shows 
t h a t  i t  b in d s  somewhat d i f f e r e n t l y  and p ro v id e s  a r e a son  f o r  i t s  low 
a c t i v i t y  as a s u b s t r a t e  (K oem er  e t  a l .  , 1973: u n p u b l i sh e d  r e s u l t s ) .
The e f f e c t  o f  SDS on the  a r o m a t i c  spec t rum  i s  t o  reduce i t  
to  z e ro .  Although SDS (an a n i o n i c  d e t e r g e n t )  i s  shown n o t  to  b in d  w i th  
i o n i z e d  t y r o s i n e  r e s i d u e s  o r  p h e n y l a l a n i n e  r e s i d u e s  (a good model f o r  
u n io n iz e d  t y r o s i n e s )  th e  d e t e r g e n t  must s u c c e s s f u l l y  s o l v a t e  the  a r e a  
s u r ro u n d in g  the  t y r o s i n e s .  This  p ro v id e s  a homogenous env ironment  
and e l i m i n a t e s  the  asymmetry r e s p o n s i b l e  f o r  the  a r o m a t i c  t r a n s i t i o n .  
Seven molar  GHC1 does n o t  e l i m i n a t e  t h e  t r a n s i t i o n  e n t i r e l y ,  as a 
sm a l l  hump remains  from the  spec t rum .  At l e a s t  one t y r o s i n e  must 
be s u f f i c i e n t l y  h idden  to  av o id  s o l v a t i o n .
Trea tment  of  the  enzyme w i th  t e t r a n i t r o m e t h a n e  (a  n i t r a t i n g  
ag en t )  which s p e c i f i c a l l y  n i t r a t e s  t y r o s i n e s  under  the  c o n d i t i o n s  
(Sokolovsky £t. a_l. , 1966, 1970) used  g r a d u a l l y  d e c rea se d  the  e l l i p t i ­
c i t y  u n t i l  the  r e a g e n t  presumably  began to  o x id i z e  the  t h i o l  groups 
(Sokolovsky et_ _al. , 1970) on the  p r o t e i n  and i t  p r e c i p i t a t e d .  When 
use  of  a t y r o s i n e  s p e c i f i c  r e a g e n t  g r a d u a l l y  e l i m i n a t e s  the  a ro m a t ic  
spec t rum of  PFK i t  i s  r e a s o n a b le  t o  assume t h a t  t y r o s i n e s  a re  p r i m a r i l y  
r e s p o n s i b l e  f o r  t h i s  t r a n s i t i o n .
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CD of  Poly (C)  w i th  PFK
One way o f  t e s t i n g  the  a c c e s s i b i l i t y  o f  an a c t i v e  s i t e  i s  t o  take  
a macromolecule comprised  of  s u b s t r a t e  l i k e  (ATP) r e s i d u e s  and see  i f  i t  
b in d s  PFK by o b s e r v in g  the  o p t i c a l  sp ec t ru m  of  the  enzyme. This  was n o t  
p o s s i b l e  w i th  po ly (C)  due t o  the  p r e s e n c e  of  a s t r o n g  i n t e r f e r i n g  Cotton  
e f f e c t  down i n  th e  p e p t i d e  s p e c t r a l  r e g io n  (Brahms, 1963).  The b i n d i n g  
was observed  by the  change i n  the  spec t rum  of  po ly(C)  i n  the  a ro m a t ic  
r e g i o n .  The a ro m a t ic  t r a n s i t i o n s  o f  PFK a r e  weak and would n o t  i n t e r f e r e .  
Po ly(C) i n  w a t e r  s o l u t i o n  has  a r a t h e r  lo o s e  h e l i c a l  c o n fo rm a t io n ,  n o t  
r i g i d  l i k e  a double  s t r a n d e d  n u c l e i c  a c id  po lym er ,  b u t  h i g h l y  f l e x i b l e .  
This  b e in g  the  case  the  b a se  r e s i d u e s ,  the  su g a r  backbone ,  o r  the  
phospha te  groups a r e  a v a i l a b l e  f o r  b i n d i n g  th e  PFK. The poly (C)  a lone  
w i th  i n c r e a s e  i n  t e m p e ra tu re  showed a l i n e a r  m e l t i n g  re sp o n se  up t o  a 
maximum t e m p e ra t u re  of  70° C as  e v id en c e d  by a p r o p o r t i o n a l  d e c r e a se  
i n  e l l i p t i c i t y  w i th  i n c r e a s e  i n  t e m p e r a t u r e .  With PFK added the  
e l l i p t i c i t y  d e c r e a se d  im m edia te ly  by 11% i n d i c a t i n g  t h a t  t h i s  much 
h e l i x  had been e l i m i n a t e d .  The su b se q u e n t  m e l t i n g  re sp o n se  i s  much 
the  same as w i t h o u t  PFK. No s h i f t  i n  th e  Amax i s  obse rved  w i t h  PFK 
from t h a t  w i t h o u t  PFK. The s p e c t r a l  s h i f t  o bse rved  i s  a r e s u l t  o f  the  
t e m p e ra tu re  i n c r e a s e  and i s  the  same in  bo th  c a s e s .
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V i s c o s i t y  o f  PFK
Most p r o t e i n s  w i th  an o rd e re d  n a t i v e  s t r u c t u r e  undergo a 
marked t r a n s i t i o n  upon the  a d d i t i o n  o f  GHC1. The t r a n s i t i o n  i s  u s u a l l y  
comple te  a t  a c o n c e n t r a t i o n  of from 6 t o  8 M GHC1 a t  room te m p e ra tu re  
a l th o u g h  t h i s  may n o t  be s u f f i c i e n t  f o r  e x c e p t i o n a l l y  s t a b l e  p r o t e i n s .
A l l  p r o t e i n s  u nde rgo ing  t h i s  t r a n s i t i o n  have  been found to  be random 
c o i l s .  I f  they c o n t a i n  d i s u l f i d e  l i n k a g e s  t h e s e  l i n k a g e s  must be r e ­
duced to  obey the  c r i t e r i a  f o r  l i n e a r  random c o i l s .  Because GHC1 i s  
a s t r o n g  e l e c t r o l y t e ,  e l e c t r o s t a t i c  i n t e r a c t i o n s  be tween p o ly p e p t id e  
ch a in s  sh o u ld  have l i t t l e  o r  no im por tance  i n  c o n c e n t r a t e d  GHC1 
s o l u t i o n s .  I t  fo l lo w s  t h a t  the  i n f l u e n c e  o f  pH on c o n fo r m a t io n a l  p ro ­
p e r t i e s  o f  the  p e p t i d e  c h a in  under  t h e se  c o n d i t i o n s  sh o u ld  be 
n e g l i g i b l e .
Convers ion  o f  a n a t i v e  p r o t e i n  to  a l i n e a r  random c o i l  w i th  
GHC1 and ra e rca p to e th a n o l  makes the  i n t r i n s i c  v i s c o s i t y  o f  t h a t  p r o t e i n  
a f u n c t i o n  of m o le c u la r  l e n g th  and hence m o le c u la r  w e ig h t .  I f  log  [n] 
i s  p l o t t e d  v e r s u s  lo g  n where n i s  the  number o f  amino a c i d  r e s i d u e s  
in  t h e  p e p t i d e  c h a in ,  a l i n e a r  r e l a t i o n s h i p  i s  r e v e a l e d .  The b e s t  
s t r a i g h t  l i n e  o b t a in e d  by a l e a s t  s q u a r e s  p rocedu re  i s  g iven  by
[n] M0 -  77 n0 *666  ( l )
where M0 i s  the  mean r e s i d u e  m o le c u la r  w e igh t  and n i s  th e  number of 
amino a c id  r e s i d u e s  in  th e  p r o t e i n .  The exponent of n in  t h i s  e q u a t io n
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when compared w i t h  t h e  exponen t  o f  n In  e q u a t i o n  ( 5 ) ,  a v a lu e  o f  0 . 5 ,  
shows t h a t  th e  p r o t e i n s  In  GHC1 s o l u t i o n  form non I d e a l  s o l u t i o n s .  The 
d im ensions  t h a t  can be c a l c u l a t e d  from th e  v i s c o s i t y  d a t a  a r e  t h e r e f o r e  
l a r g e r  than  the  u n p e r tu r b e d  d imens ions  from t h e o r y .  These u n p e r tu rb e d  
d imensions  may be c a l c u l a t e d  a c c o rd in g  to  Lapanje  and Tanford  (1967) by 
e q u a t i o n  (2 )
< L2 > = 6 < R 2 > 0 * (60 ± 10) n (2)
o r  a cc o rd in g  to  K ura ta  and Stockmayer (1963) by e q u a t i o n  (3)
< L2 > = 6 < RG2 >D -  (70 ± 15) n (3)
where < L >0 and < R^ >0 a r e  th e  u n p e r tu rb e d  end t o  end d i s t a n c e  and 
r a d i u s  o f  g y r a t i o n  r e s p e c t i v e l y .
The o v e r a l l  c o n c lu s io n  from the  v i s c o s i t y  d a t a  i s  t h a t  p r o t e i n  
p o ly p e p t id e  c h a in s  w i t h o u t  c r o s s  l i n k s  a re  t r u e  random c o i l s  in  con­
c e n t r a t e d  GHC1 s o l u t i o n s  w i t h  d imens ions  t h a t  ag ree  w i t h  th e  t h e o r e t i c a l  
d imensions  f o r  randomly c o i l e d  cha ins  w i t h i n  the  l i m i t s  of  v a l i d i t y  f o r  
which a comparison  can be made.
The i n t r i n s i c  v i s c o s i t y  ( [ n ])  o f  a macromolecule  in  s o l u t i o n  
i s  a measure o f  th e  e f f e c t i v e  hydrodynamic volume p e r  u n i t  w e igh t  of 
macromolecule .  This  q u a n t i t y  f o r  l i n e a r  random c o i l s  i s  r e l a t e d  to
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m o le c u la r  dimensions  a cc o rd in g  to  (4)
2 1/2 ' 2 3/2
[n] M = 4> < L > * ♦ < R > (4)
2
where M i s  m o lecu la r  w e ig h t ,  < L > i s  the  r e a l  end to  end d i s ­
t a n c e  and < R̂ 2 > 1 / 2  t ^e r e a ^ r a d i u s  o f  g y r a t i o n .  ♦ and ♦'  a re  
u n i v e r s a l  c o n s t a n t s  in d ep en d en t  o f  the  n a t u r e  o f  the  polymer and have 
v a lu e s  o f  2 . 1 x l 0 23  and 3 . 1 x l 0 2^ ( F l o r y ,  1953) r e s p e c t i v e l y  w i th  [n] in  
c c / g  and the  d im ensions  in  cm. I f  we use (5)
[n] M0 = K n 1 / 2  (5)
where M0 i s  the  mean r e s i d u e  m o le c u la r  w e i g h t ,  n i s  the  number of 
amino a c id  r e s i d u e s  i n  th e  p r o t e i n  and K i s  a c o n s t a n t  independen t  o f  n 
to  o b t a i n  a v a lu e  f o r  K, ( f o r  an i d e a l  s o l u t i o n )  then  from ( 6)
• ' ( ¥ )
2 1 / 2  2 1 / 2  we can compute < L > 0 and < Rq > ' . These a re  the  u n p e r tu rb e d
d im e n s io n s .




The i n t r i n s i c  v i s c o s i t y  of  PFK in  6 M GHC1 was 57.2 c c /g  
and the  Huggins c o n s t a n t  was 0 .892 .  With a mean r e s i d u e  m o lecu la r  
weigh t  o f  110 the  c a l c u l a t e d  number of r e s i d u e s  ( e q u a t io n  ( 5 ) )  f o r  
t h i s  i n t r i n s i c  v i s c o s i t y  i s  400. This  g i v e s  44 ,000 m o le c u la r  weigh t  in  
6 M g u a n id in e  h y d r o c h l o r i d e .  This  f i g u r e  c o i n c i d e s  w i th  t h a t  p r e ­
d i c t e d  by Coffee  ^ t  _al. (1973) on th e  b a s i s  o f  the  number of carboxy-  
m e t h y l - c y s t e i n e  p e p t i d e s .  However, i t  must be  remembered th a t  the  CD 
o f  PFK in  6 M GHC1 gave a spectrum i n d i c a t i n g  th e  p r e s e n c e  of a - h e l i x  
(about  35%) and th e  r e s t  random s t r u c t u r e  (65%). I f  t h i s  i s  t r u e ,  then 
t h e  m o le c u la r  w e igh t  i s  in  e r r o r  s i n c e  t h i s  method r e q u i r e s  the  p r o t e i n  
to  be co m p le te ly  i n  a random c o i l  form. In  t h i s  l i g h t  i t  seemed use ­
l e s s  to  compute o t h e r  m o le c u la r  d im ens ions .
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APPENDIX I
TABLE OF ABBREVIATIONS
ATP Adenosine t r i p h o s p h a t e
UTP U r id in e  t r i p h o s p h a t e
CTP C y t id in e  t r i p h o s p h a t e
GTP Guanosine t r i p h o s p h a t e
I TP In o s in e  t r i p h o s p h a t e
ADP Adenosine d ip h o sp h a te
AMP Adenosine monophosphate
cAMP C yc l ic  AMP o r  3 ' , 5 '  -  adenos ine  monophosphate
CMP C y t id in e  monophosphate
UMP U rid in e  monophosphate
IMP I n o s in e  monophosphate
GMP Guanosine monophosphate
PEP Phosphoenol p y ru v ic  a c id
P - C r e a t in e P h o s p h o - c r e a t in e
ADP Adenosine d ip h o sp h a te
C C en t ig rade
cm C e n t im e t e r ( s )
F6-P D-Fruc tose  6 - p h o sp h a te




h r  h o u r ( s )
ITP I n o s in e  t r i p h o s p h a t e
Km M ich ae l l s  c o n s t a n t
M Molar
mg M l l l i g r a m ( s )
min M inu te (s )
ml M i l l i l i t e r ( s )
PP Pyrophospha te
P Phospha te
DPNH D ip h o s p h o p y r id in e n u c l e o t id e  ( r educed  form)
mM M i l l im o la r
nm Nanometer(s)
PFK P h o sp h o f ru c to k in a s e
SDS Sodium dodecyl  s u l f a t e
p i  M i c r o l i t e r ( s )
dmole Decimole
GHC1 Guanidinium c h l o r i d e
CD C i r c u l a r  d ich ro i sm
ORD O p t i c a l  r o t a t o r y  d i s p e r s i o n
PFK P h o s p h o f ru c to k in a s e
poly(C) P o l y c y t i d i l i c  a c id
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